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Summary Statement

Professor Nick Petford, PhD Geology, University of Liverpool (1991)

This application for die award of Doctor of Science (DSc) presents a body of research work that falls 
generally widiin die area of igneous petrology defined here in the ‘modem’ sense as a discipline ranging 
from geochemistry to fluid dynamics. It includes in addition contributions on die deep earth (core mande 
boundary region), rock mechanics, planetary geology and a techniques section on confocal laser scanning 
microscopy. A precis of die work submitted is given below. The substantive part (section A) deals with the 
origin, ascent and emplacement of granitic magmas, and die physical properties of magma in general. As a 
whole, the body of work falls under die generic heading of Igneous Geology.

A. Igneous petrology & geochemistry, magma ascent & emplacement, 
volcanology

I am last in a long line of PhD students who graduated from Liverpool University worked under the 
leadership of Professor Wallace Pitcher on die formation of granitic rocks in Peru. Between 1992 and 1996 
I published a series of papers (#A 1-3) resulting from my PhD work tiiat had significant international 
impact on current thinking relating to die formation of adakites — a special kind of igneous rock found in 
continental arcs endowed widi a distinctive chemical signature indicative of melting of subducting oceanic 
crust. Despite widespread international support for diis idea, I was able to show in a 1993 Nature paper 
(#A 2) co-authored by my PhD supervisor Dr Michael Adierton, that die prevailing interpretation was 
non-unique, and drat identical chemical signatures could be explained more simply by partial melting of 
newly underplated basaltic crust. This idea, followed up in 1996 by a more comprehensive study (#A 3), 
proved controversial at first. But our model quickly gained popularity and is now widely regarded as 
offering die pre-eminent explanation for die origin of adakite-like magmas die world over. The model 
continues to inspire new research and has found recent application in studies looking at the origin of the 
very first continental crust on earth and odier terrestrial planets including Venus (# B4). During this time, 
researchers in die Department of Earth Sciences, lead by Dr Bob Hunter, began to develop methods to 
analyse and quantify die turn and three-dimensional textures of igneous and sedimentary rocks. #A 4 is an 
early contribution to this effort and I have continued to develop this theme through die work of my PhD 
students (#A 5-7).

At about die same time (1992-1993) I began collaboration widi inadiematical physicists at Cambridge 
University (Ross Kerr and John Lister) who had developed new ideas of magma ascent based on 
quantitative modelling of magma flow. In two papers published in 1993 and 1994 (#A 8-9) we were able 
to show, using simple but robust fluid dynamics, that viscous granitic magma could be transported rapidly 
from its source region to level of emplacement on a timescale of weeks, with overall emplacement taking 
hundreds of years. Widiout a traditional training in geology it may be difficult to appreciate the impact diis 
work had on a field where timescales of magma emplacement were measured routinely in hundreds of 
thousands to millions of years. In reviews the work was described as “paradigm-shifting” and I believe the 
high and sustained citation counts these papers continue to receive supports this claim. Both papers were 
initially regarded as highly controversial and speculative (#A 10), but spawned an international research 
effort (particularly in the US) that set out either to disprove or to reaffirm our ideas. The current balance of 
favour now leans heavily towards our world view (#A 11-13).

In 1997 (together with Dr K McCaffrey at Durham University) we proposed that granite bodies emplaced 
in die upper crust were likely to have a tabular, sheet-like form (#A 14). While not in itself a new idea, this 
fitted with the dyke ascent model and was supported by field data that showed a crude power-law 
relationship between measured pluton length and thickness. Again, this simple idea has been picked up by 
research groups from around the world (notably Italy and Canada), and as more data were collected the 
power-law model (in refined form) appears to be generally correct.

These ideas were brought together in an invited Nature review article, published in 2000 (#A 15) and 
continue to receive attention. Further endorsement of the importance and impact of this work comes from 
testimony in the first ever book on the history of igneous petrology (Mind Over Magma by David A Young, 
Princeton University Press, 2003). In his summary, Young calls on this body of work, acknowledging that 
finally an answer to the long-standing “granite problem” of how the magma that forms these rocks makes 
space for itself in the earth's crust, is at hand (p. 606-607).
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From the late 1990s onwards I became more interested in the fluid dynamical and rheological processes 
governing the transport of granitic magma. A chance conversation at Kingston University led to a highly 
productive partnership with professor Curt Koenders, a mathemadcal physicist and specialist in rheology 
and deformadon of pardcle-rich suspensions. Our collaboration began with an investigation of crystal-rich 
granitic magmas using new concepts from chemical engineering devised to model the segregation of 
particles in congested flows (# A16). By adapting the governing equations we are able to show (for the first 
time) in a quantitative way how crystals in flowing magma migrate axially to the centre of the flow, a . 
process until then described phenomenologically in geology textbooks as “flow differentiation”.

At this time we also started looking at the problem of how granite magma undergoes segregation from its 
solid matrix. Developing ideas set out in earlier papers on this topic (#A 17,18) we devised a model that 
coupled the thermal and mechanical behaviour of a partially molten region in a deviatoric stain field, 
showing that the resultant fractures take on a vertical alignment from an initially random distribution (#A 
19). A subsequent paper with Kerry Gallagher (Imperial College) investigated numerically how much heat 
was needed to generate granitic liquids from lower crust as a function of time and periodicity (# A20). This 
paper received an award from Thomson ISI as a highly cited article (top 2% in its field in 2002)This theme 
continued with industry-funded work on how best to predict fracture distributions (porosity) in granite 
reservoirs containing economically important hydrocarbon deposits (#A 21-22).

In 2000 I began work with Koenders on a new model of melt extraction at the grain scale based on a 
modified application of Biot’s Theory. Here, deformation of congested magma (> 40% solids) results in 
local (Reynolds) dilatancy and pressure-induced fluid flow. The analytical model took some time to develop 
and its history is tracked in a series of papers (# A 23-27), the latter published as a three-part series over 
four years in Geophysical Journal International Two geometries were investigated, one layer and three layer and 
the final paper in the series incorporates rate dependent (creep) effects on the deforming granular mass 
(see also #A 28 for collaboration with a Russian colleague on a similar topic). Some of this is work was 
reviewed in 2003 as part of an invited contribution to the high impact-factor journal Annual Review of Earth 
and Planetary Sciences (#A 29). It is fair to say that that overall the set is not very ‘user friendly’ but I regard 
them collectively as my best science to date. Work is underway to propagate these ideas more widely to a 
geological audience and to verify the theoretical results experimentally (ongoing, with EU funding and 
Bayreuth University). I continue to work on regional geochemical models of magma formation and 
emplacement (#A 30-32), and in a collaborative PhD project with engineers have investigated the 
mechanical properties of volcanic slopes and volcano stability through fieldwork and numerical modelling 
(A# 33-34). We have extended our ideas on granular flow and particle-particle interaction to predict 
pressure changes in densely packed magma due to excitation by earthquake activity (#A 35) and to model 
the timescales of melt flow beneath island arcs (# A36).

B. Deep mantle/core & planetary geology

A novel application of the magma deformation work has been to model texture development and fluid 
flow in deformed, iron-rich meteorites. Working with US Colleagues, we have used the dilatancy model to 
explain the draw-up of dense, metal liquid from the outer core into the lower mantle (#B 1-2) and to help 
explain deformation-induced liquid metal segregation in some classes of chondritic meteorites (#B 3 and 
Lunar and Planetary Science abstracts). My magma ascent models extend to planetary science (#B 4) and 
also modelling flow of congested ice magmas (cryomagmas) on the outer planets. A project is currently 
underway with colleagues at NASA to explain differences in flow morphology of cryomagmas on Titan 
(see selected Lunar and Planetary Science abstracts 2004-2006).

C. Confocal scanning laser microscopy

In my final year as a PhD student at Liverpool I published a short contribution (#C 1) setting out for the 
first time in the geosciences, the potential of confocal scanning laser microscopy (CSLM) to examine in 3D 
structures inside translucent minerals non-destructively (#C 3). Since then I have continued to work with 
colleagues, firstly at Cambridge (#C 2,4,5,6) and then Kingston Universities (#C 7-8) on technique 
development and new CSLM applications in geosciences and more recently health sciences (#C 9).
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D Edited books and journals

A miscellaneous list of edited publications is provided.

In summary, my contribudon has progressed from field studies of granitic rocks forming mountains in the 
high Cordillera of Peru, to theoretical investigations of liquid metal segregation at the boundary between 
the Earth’s core and mantle and flow of ice magmas on Titan. In addition, other aspects of my research 
have been concerned with technique development in microscopy. A common thread that links this work is 
application of physical principles (mechanics, viscous fluid flow, particle-particle-interactions, particle 
shape and geometry) to better understand problems in igneous geolog}'.

Annex: Full bibliometric analysis by year

Published Items in Each Year Citations in Each Year

Years Years

Fig. 1. Citation metrics for N. Petford, 1990-2009 (Thomson WoS, April 2009).

Professor N. Petford, April, 2009
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APPENDIX A

Research Grants and industry funding

2007 NERC NE/F01080X/1 Shear-induced metal segregation in £33,632
ordinaty chondrites

2007 DFID: Tender documentation for Montserrat Volcano Observatory £16,000
2006: Royal Society, Core formation under dynamic conditions £ 6,800
2006: European High-Pressure Facility, European Union FP6 € 20,000
2005: Royal Society, UK-Russia exchange £ 1600
2004: COPUS/Royal Society Singing Maps £10,000
2003: SR1F/HEFCE Joint bid with School of Biosciences, KU & St George’s 
Medical School, London, CSLM imaging and visualisation suite £380,000
2003: NERC/NIGL Reassessing models of crustal growth: Yungay
volcanic rocks, Peru £23,000
2002: NERC/B/S/2001/00909 Origin and tectonic significance of Miocene 
adakitic rocks, Peru £14 600
2001: Japan Vietnam Petroleum Company Intrusion history,petrology and 

fracture properties study of Rang Dong granite reservoir, offshore Vietnam: 3 £55,000
2000: Japan Vietnam Petroleum Company Intrusion history,petrology and 

fracture properties study of Rang Dong granite reservoir, offshore Vietnam: 2 £ 8,500
1999: Japan Vietnam Petroleum Company, Intrusion history,petrology and 

fracture properties study of Rang Dong granite reservoir, offshore Vietnam: 1 £65,000
1999: British Association for the Advancement of Science Millennium
Award £15,000
1998: COPUS/SET 98 £ 2,800
1997: British Council Travel Grant: £ 750
1997: Nuffield Foundation. Applications of cotfocal laser scanning microscopy 
in mineralogy ' £ 3 500
1997: Amoco UK. Application of confocal scanning microscopy to pore structure 
determination £20 000
1996 NERC/NIGL IP/490/1096, The southern Patagonian Plateau Basalts: 

plume or decompression melting? £20 000
1994: Royal Society PDRA (Dr. C. Jones) £26, 800
1994: NERC/NIGL IP/392/0294. Radiogenic and stable Isotope study of
deformation assistedfluidflow and granite interaction £25 000
1992: Royal Society £ 8,800
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APPENDIX B

Supervised PhD Studentships

2009. B. Coldwell. Evolution of the Peruvian subduction margin at 9S: evidence from geochemistry, experimental petrology 
and melt inclusion studies on adakite-like ignimbrites, (Funding HEFCE).

2007. M. Thomas Geomechanics of Volcano Instability (Funding HEFCE).

2004. R. Kerchhlerr. Transport Properties of Porous Media (Funding HEFCE).

2003. M Manobavan. The Responses of Terrestrial Vegetation to El Nino Southern Oscillation Perturbations (Funding 
HEFCE).

2001. S. Bignold. The Initiation and Magmatic Evolution of a Juvenile Island Arc: The Kohistan An, Pakistan, 
Himalaya (Funding HEFCE).

2001. A.J Biggin. An Experinemtal and Analytical Assessment of Geomagnetic Intensity Variation Since the Devonian: 
links With Global Geological Processes (Funding HEFCE).

1999. Helen Orme. Silicic Magmatism and Continental Break-up: The Frontal Cordillera Batholith, Argentina
(Funding NERQ.

1999. Stephano Pugliese. Melt Infiltration Processes in Partially Molten Rock (Funding HEFCE).

1998. Andrea Rowland. A Dynamic Integrated Model for Subduction Zone Magmatism (Funding N ERC).

1997. Matt Jackson. The Generation, Segregation and Mobilisation of Granitic Melt in the Continental Crust (Funding
NERQ.

In Progress (2009)

P. Helps. Scale of Heterogeneity in Granitic Plutons (Funding HEFCE)

N. Thompson, Granular Avalanches in Volcanology (Funding, Bournemouth University)
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ABSTRACT

Petford, N. and Atherton, M.P., 1992. Granitoid emplacement and deformation along a major crustal lineament: the
Cordillera Blanca, Peru. In: R.A. Oliver, N. Vatin-Perignon and G. Laubacher (Editors), Andean Geodynamics.
Tectonophysics, 205: 171-185.

The Cordillera Blanca Batholith and ignimbrites of the intermountain Callejon de Huaylas basin represent the last 
magmatic event in the Andean cycle of central-northern Peru. This most spectacular example of an extensional regime is 
characterised by acid magmatism spanning some 10 Ma, with both magma emplacement and subsequent deformation being 
fundamentally controlled by a ca. 300-km lineament known as the Cordillera Blanca fault complex. The western margin of 
the batholith has been strongly deformed by the Cordillera Blanca fault, resulting in a series of ductile to brittle structures 
that increase with intensity away from the relatively undeformed core towards the margin. The late-stage brittle fabrics are 
coeval with extensional structures in the Callejon de Huaylas basin, and relate to uplift and extension along the fault zone. 
The more ductile fabrics, as indicated by combined K-Ar and 40Ar-39Ar mineral dates, formed earlier in the intrusion 
history, and are consistent with emplacement into an active dextral (strike-slip) shear zone.

The rapid uplift and high erosion rates seen from the Late Miocene onwards and the current state of stress in this regioi}> 
of thickened crust are due to gravitational instability (body forces) set up at high topographical levels, and buoyancy forces 
resulting from the intrusion of young, acid magmas at high crustal levels.

Introduction

The Cordillera Blanca Batholith of NW Peru 
(Fig. 1) together with the contemporaneous ign
imbrites of the Yungay formation constitute the 
final magmatic events of the Andean cycle in 
central Peru (5-15° S). They overlie the thick 
crustal keel of the Andes (James, 1971), and must 
relate in some way to the building of this impor
tant structure. The batholith is 200 km long by 
about 20 km in width, and reaches nearly 7000 m 
in height near Huaraz (Fig. 1). It is elongated 
along the Andean trend, plunging to the south
east where it is considered to connect at depth 
with individual stocks such as Acquia, Llaclla, 
Cajatambo and Churin, which contain similar fa-

Correspondence address: Department of Earth Sciences, Uni
versity of Liverpool, PO Box 147, Liverpool L69 3BX, UK.

cies and are of a similar age, cf, Churin, 13 Ma 
(Cobbing et ah, 1981).

K-Ar cooling ages of the batholith minerals 
vary from 13.5 to 2.7 Ma, indicating that magma
tism occurred along this lineament over a long 
period of time. The eastern margin of the 
batholith is formed by the shallowly dipping rocks 
of the Jurassic Chicama Formation, which form 
the tops of the mountains, while in contrast the 
western margin abuts against a major extensional 
fault system which extends southwards for a dis
tance of over 300 km (Fig. 1).

To the west, between the Cordillera Blanca 
and the Cordillera Negra (made up of plateau 
volcanic rocks ranging in age from 54 to 15 Ma), 
lies the 15-km-wide Callejon de Huaylas, an in- 
tercordilleran Pliocene basin, whose subsidence 
(according to Bonnot et al., 1988) relates to NE- 
SW- then E-W-trending extensional tectonics. 
The ignimbrites, which are most extensive in the

0040-1951/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Simplified geological map of northwest Peru (based on the tectonic map of Bellido, 1969) showing the Cordillera Blanca 
batholith, the Yungay ignimbrites within the Callejon de Huaylas basin and the Cordillera Blanca fault complex. The thrust zone to 

the east is the Maranon thrust and fold belt (MFTB-Megard, 1984).

north of the Callejon where they reach 800 m 
(Fig. 1), were laid down in a palaeovalley ori
ented NW-SE cut into Jurassic/Cretaceous sed
iments and the Calipuy volcanic rocks. K-Ar ages 
of 7.8 and 6.4 Ma for the tuff (Cobbing et al., 
1981) indicate eruption was within the age range 
of the batholith. A newer age for the upper part 
of 5.4 Ma is given by Bonnot (1984), who also 
gives ages of 5.4 and 4.65 Ma for the tuff from 
the southern part of the basin. The batholith and 
ignimbrites clearly relate to this major crustal 
lineament, with the batholith and Callejon de 
Huaylas basin forming the footwall and hanging 
wall respectively of the Cordillera Blanca fault

system, the whole forming “the most spectacular 
example of an extensional regime in the Andes” 
(Deverchere et al., 1989). The Cordillera Blanca 
Fault is still active and shows a normal movement 
sense that towards the south has an en echelon 
(N140E) left-hand pattern (Sebrier et al., 1988). 
However, slip vectors indicate a sinistral strike- 
slip component producing not orthogonal exten
sion but nearly N-S extension (8%, Bonnot, 1984). 
These recent movements are part of a long his
tory of extension (and compression) along the 
Cordillera Blanca fault system that started in the 
Jurassic (at least) with the subsidence of the 
‘miogeosyncline’ in which the Chicama Shales
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Fig. 2. Sketch map showing the location of dates in the 
Cordillera Blanca batholith by various workers (after Cobbing 

et al., 1981).

were deposited. This was followed in the Miocene 
and Pliocene by magmatism and volcanism and 
finally uplift, which is still going on.

K-Ar and 40Ar-39Ar dating

K-Ar dates on micas and hornblende from the 
Cordillera Blanca batholith are shown in Figure 2 
together with a fission track age on the Consuzo 
stock (Stewart et al., 1974; Cobbing et al., 1981).
The data appears to fall into two broad groups_
an older group with an age of 9-12 Ma (Upper 
Miocene) and a younger group 2.7 to 6.3 Ma.

Cobbing et al. (1981) were reluctant to accept the 
5.0 Ma group as evidence for an intrusive event, 
pointing out there was an apparent easterly trend 
in increasing age. This can be seen in Figure 2 
which shows older ages also occur in the north 
and south. Furthermore, the eastern samples lie 
near the roof, which dips gently eastward, while 
the westerly samples lie towards the major fault 
system which deforms the western edge of the 
batholith, and along which much vertical uplift of 
the batholith has occurred (Fig. 3; Cobbing et al., 
1981). If the roof zone to the east was nearer the 
surface, then the older ages may represent true 
ages, while the younger ages in the western rocks 
may be a function of the exhumation history (Fig. 
3), which brought the rocks through the blocking 
temperature of argon. Alternatively, the ages are 
true ages, and there is a westerly younging as 
successively younger magma batches intrude at 
the western edge. This would be compatible with 
some sort of long lived half-flower structure 
(Atherton and Sanderson, 1987; Atherton and 
Petford, 1990). In an attempt to solve the age 
problem which is important both in modelling the 
intrusion style as well as the history of batholith 
magmatism, 4l)Ar-39Ar determinations on micas 
from the batholith rocks were made (Petford, 
1990). These included biotites and muscovites 
from 3 rocks previously analysed by Wilson (in 
Cobbing et al., 1981), from the Llanganuco sec
tion. The oldest biotite from the relatively unde
formed core of the batholith is 5.18 ±0.05 Ma 
(Fig. 4) and is comparable with a zircon Pb age of 
6.3 ± 0.3 Ma (Mukasa, 1984). A lead date on the 
Carhuish stock gives a value of 13.7 Ma, confirm
ing the older southerly grouping made on the 
basis of the K-Ar data.

Assuming an initial cooling age of 5.18 ±0.05 
Ma for the central part of the batholith (Fig. 4), it 
can be seen that the ages along the Llanganuco 
section get younger towards the fault system. This 
may be explained by: (1) westerly migration of the 
locus of magmatism; (2) reheating and slow cool
ing or; (3) argon loss on deformation. There is no 
geological evidence for (1) or (2) (Petford, 1990) 
but there is a clear correlation with deformation 
which results in new mineral growth, e.g., mus
covite along the foliation planes (Atherton and
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Sanderson 1987; Atherton and Petford, 1990). 
The increasing deformation towards the contact 
is detailed in the structural section. In brief, the 
younging reflects argon loss from deformed and 
recrystallised micas during and after granitoid 
emplacement. Detailed discussion on these as
pects are given in Petford (1990).

In summary, the division into two age groups 
within the batholith appears to be genuine and 
not an artefact of the dating method. The older 
ages refer to rocks which are more basic than the 
leucogranodiorite of the core facies in the Llan- 
ganuco region, where a subtle younging towards 
the highly deformed western contact is consid
ered to be due to argon loss as deformation 
increased in that direction.

Structure

Introduction

Although some problems still exist in inter
preting structures in granites, recent work has 
shown that many of the structural styles seen in 
deformed plutons reflect quite specific emplace
ment mechanisms (Hutton, 1982; Guineberteau 
et ah, 1987; Paterson et al., 1989; Gapais, 1989). 
Commonly in granitoids, ‘early’ magmatic fabrics 
confined mostly to the core give way to intensive 
planar fabrics near to the margins (e.g., Barriere, 
1977). Similar relationships are seen in the 
Cordillera Blanca batholith. Here, structures in
terpreted as forming at high melt fractions, such 
as biotite schlieren, layering and aggregates of 
magmatic phenocrysts are confined mostly to the 
undeformed core of the batholith. However, to
wards the western fault-bounded margin of the 
intrusion, these become overprinted by solid-state 
ductile fabrics and finally, along the fault plane 
itself, cataclasites. This structural sequence, 
marking a brittle-ductile transition, is related to 
faulting that occurred both during and after the 
emplacement of the batholith. The relative timing 
of these structures and their implications for 
batholith emplacement are discussed in the fol
lowing section.

Textural development during deformation

Mesoscopic and microscopic relations in grani
toids indicate emplacement related deformation 
occurs throughout most of the crystallisation in
terval. Deformation on cooling will change from 
fluid (melt dominated) through plastic to brittle 
mechanisms with decreasing melt fractions (0) 
towards the solid state.

Magmas with crystals in suspension have an 
effective viscosity related to the ratio of melt to 
suspended crystals. Empirical modelling indicates 
that with increasing crystal content, the mechani
cal behaviour of the system changes from a vis
cous liquid to an elastic solid (Arzi, 1978). The 
exact point of this transition is elusive, but be
tween 40 and 70% crystal content a dramatic 
change in the strength of the system occurs across 
what Arzi (1978) termed the rheological critical 
melt percentage (RCMP). Problems exist in ex
plaining structures in granitoids in these terms 
and here deformation for simplicity is considered 
to occur during magmatic flow (magmatic struc
tures) or after final crystallisation (solid-state).

Magmatic structures

Schlieren and layering are the t\yo most com
mon magmatic structures seen in the batholith. 
The schlieren, comprised mostly of biotite 
(± minor hornblende and sphene), are best ex
posed in the central region of the batholith where 
they commonly show complex fold patterns that 
occasionally entrain euhedral plagioclase and K- 
feldspar crystals (Fig. 5A). Occasionally the 
schlieren develop into layering, with individual 
biotite-rich units up to 0.5 m in width and tens of 
metres long that die out into undeformed granite 
along strike. Some rhythmic layers have 
“pseudo-crescumulate’ structures. Sometimes 
layers truncate each other (Fig. 5B), and may be 
similar to so called lag deposits in the Sierra 
Nevada granodiorites (Reid and Hamilton, 1987).

Although more common than previously 
thought, layering in granitoids has not been ade
quately explained. Due to the high viscosities of 
granitic melts (typically > 105 Pa s), large-scale 
crystal settling seems an unlikely explanation.
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Similarly, an origin through hydrothermal- 
metasomatic processes, although common in the 
marginal zones of some mineralised plutons 
(Bowden et al., 1990) is not applicable here. This 
leaves a primary origin related to either convec
tive or tectonically driven flow in a fluid medium 
i.e. at high melt fractions that are pre-RCMP.

Solid-state structures

Solid-state structures in the batholith include a 
well-defined planar foliation, small scale shear 
zones and localised bands of mylonite. The most 
consistent structure in the batholith is a penetra
tive foliation that extends eastwards from the 
fault zone some 2.5 km into the intrusion. Fur
thest from the fault, the foliation is defined by 
the weak alignment of biotite which cuts the 
earlier magmatic schlieren. Quartz and K-felds- 
par are generally unstrained, indicating that here 
the fabric is a pre-full crystallisation fabric in the 
sense of Hutton (1988). Westwards the fabric 
becomes stronger and more intense, culminating 
in the development of ribbon quartz and S-C 
fabrics (Fig. 6A-C). The foliation closest to the 
fault zone clearly results from high shear strains 
in the solid state. In thin section, asymmetric 
pressure shadows around feldspar augen, rotated 
and broken feldspars in a ductile/plastic quartz 
matrix and quartz ‘C axes indicate components 
of both dextral and sinistral shear during faulting. 
The increase in intensity of the foliation towards 
the fault is marked by a change in orientation. 
Foliation is steepest near the core of the batholith, 
with dips of 60-80° SW, and strikes trending 
generally towards 160°. At the fault zone, dips 
generally shallow to between 30 and 40° SW, 
while the strike swings towards 130° (Fig. 7). The 
increasing intensity of foliation development is 
accompanied by the progressive breakdown of 
biotite and K-feldspar to secondary muscovite. 
Modal analysis of the batholith rocks shows that 
muscovite is confined almost entirely to the de
formed facies of the western margin (Atherton 
and Sanderson, 1987).

Small ductile shear zones dipping at low angles 
to the northwest occur within the foliated margin 
of the batholith. Their walls are often mylonitic,

N

Mean foliation (pole) a

I'* •> , Pegmatites (pole)
"■

•#Vs Slickolines on 
* ^ joint surfaces

Fig. 7. Combined stereographic projections of jointing, my
lonite bands, foliations and slickensides from the western 

edge of the batholith near Llanganuco.

containing rotated S-fabric biotites and K-feld
spar phenocrysts (Fig. 5C). Mylonite bands, often 
forming along the margins of late pegmatite veins, 
cut the foliated granite towards the fault.

Jointing and fault rocks

The batholith has a prominent SW dipping 
(30-50°) joint fabric that like the foliation in
creases with intensity towards the fault. The joints 
near the faulted margin often exploit the earlier 
S-C fabric by using the mica-rich S-domains as 
slip planes. Slickensides on joint surfaces are 
generally oblique to the dip of the foliation (Fig. 
7).

Evidence for extreme brittle deformation oc
curs within the fault zone, where small scale 
faults often develop into anastomosing bands of 
cataclasite, up to 1.0 cm in width (Fig. 5D) with 
shattered quartz and feldspar grains set in a 
matrix that in places appears to have undergone 
limited recovery recrystallisation (Fig. 6D). Pres
sure solution veins cut the cataclasite, while fluid 
filled bubble trails and sealed microcracks in 
quartz and late calcite veins indicate fluid activity 
operated late into the deformation history. Alter
ation in the fault rocks of the Cordillera Blanca is 
marked by the clouding of plagioclase cores and 
their alteration to calcite, and by the breakdown 
of K-feldspar to muscovite and illite. XRD data
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Fig. 8. Synoptic figure showing the relation of various deformation structures within the batholith at Llanganuco, from the core to 
the western margin. Inset shows the general geology of the Llanganuco section.

indicate the fault gauge is mainly quartz, illite 
and albite with minor chlorite (Petford, 1990). 
These rocks, that cross-cut the earlier ductile S-C 
fabrics, represent the final deformation event seen 
in the batholith. The whole sequence of struc
tures developed towards the fault is summarised 
in Figure 8.

Deformation in the country rocks

On a regional scale, the structures in the 
Jurassic rocks of the Chicama Formation parallel 
the Andean trend of the batholith (Wilson et al., 
1967). However, on a local scale the country 
rocks are strongly foliated and faulted. Contacts 
with the batholith are sharp and for the most 
xenolith free, with little sign of country rock 
assimilation.

In the Canyon del Pato, a well exposed gorge 
in the north of the massif, pegmatites and granite 
sheets dipping 20-30° to the southwest and strik

ing parallel to the fault system, extend 500 m into 
the country rock. The contact itself, although 
somewhat irregular, dips 40-60° S. Both peg
matites and country rock in the vicinity of the 
contact are strongly deformed, with the latter 
showing a strong rodding (stretching) lineation 
plunging 30° SE. This lineation is not related to 
regional folding, and is believed to be a localised 
phenomena related to country rock extension 
during batholith emplacement. Pegmatites in this 
locality often show en-echelon structures indicat
ing dextral (top to right) shear (Fig. 9).

Emplacement mechanism of the batholith

The fault system

An understanding of the development and rel
ative timing of the structures seen in the batholith 
is crucial to any interpretation concerning em
placement. Field observations clearly show a pro-
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gressively more brittle response to deformation 
imposed upon the batholith as crystallisation 
(time) progresses. However, there is also a rela
tion in space, i.e. increasing brittle behaviour as 
the western margin is approached. Field relation
ships alone cannot distinguish whether the mag
matic structures in the batholith formed during 
the rise of the melt from its source, or at its final 
level of emplacement. However, the weak folia
tion furthest from the faulted margin shows all 
the characteristics of a pre-full crystallisation fab
ric (Hutton, 1988), and is believed to be the 
vestiges of an early magmatic emplacement fab
ric. Towards the fault zone, this earlier magmatic 
foliation passes into a high temperature S-C fab
ric, marking the onset of solid-state deformation. 
Although both define a continuous foliation (i.e. 
one does not cross-cut the other), the exact tran
sition (texturally) between the two fabrics is elu
sive. This is probably because magmas deforming 
near the solidus are still hot enough to undergo a 
significant amount of recovery recrystallisation 
that would tend to destroy any textural evidence 
for post-RCMP deformation.

Magma ascent is clearly related to the deep 
fault structure (Cobbing et al., 1981; Atherton 
and Sanderson, 1987), and the asymmetric defor
mation at the western boundary is consistent with 
the earlier ideas of fault controlled ascent up 
dyke-like conduits. Diapiric rise is not likely 
through thick crust and has inherent problems 
anyway (Clemens, 1989). Furthermore, the lack of 
a concentric high strain zone around the batholith 
indicates the inflation and ballooning seen in 
some deformed plutons (Holder, 1979; Bateman, 
1985; Castro, 1987) did not occur here.

Wilson et al. (1967) and Cobbing et al. (1981) 
considered the fabrics in the batholith to have 
formed during emplacement, rejecting the possi
bility that the foliation was caused by subsequent 
movements along the fault. However, it is not 
clear how the cataclasites that cross-cut the ear
lier ductile fabric relate directly to emplacement, 
and may have more to do with high shear-strains 
associated with rapid, post-emplacement uplift 
along the fault. Indeed, the structural styles in 
the batholith are similar to those associated with 
other large-scale crustal lineaments such as the

Alpine fault zone (Sibson et al, 1981), that have 
accommodated rapid uplift. Evidence for high 
uplift and erosion rates is seen in the Callejon de 
Huaylas basin, where over 2000 m of unroofed 
batholith material has accumulated since the late 
Miocene (Bonnot, 1984). Exhumation rates, based 
on 40Ar-39Ar mineral closure temperatures .for 
the central part of the batholith, have been esti
mated at a minimum of 2.4 mm a-1 (Petford, 
1990). In summary, the structures in the batholith 
are due to a combination of magma ascent, em
placement and post-emplacement uplift along the 
fault system. The relationship between these 
structures, particularly the ductile foliations, to a 
specific emplacement mechanism, is discussed in 
the following section.

Shear sense on emplacement

The neotectonics of the Cordillera Blanca fault 
and Callejon de Huaylas, which are intimately 
connected, show the latest movements are normal 
with a sinistral strike-slip component, and are 
associated with N-S extension. It is considered 
(Sebrier et al., 1988) that the present day state of 
stress has been active for the last 2.0 Ma and is 
the effect of compensated high topography. Kine
matic indicators for the period of'batholith em
placement are obscured by the later movements 
and anyway are compounded by the anastomos
ing fault network found within the Callejon de 
Huaylas basin. Consideration of the Cordillera 
Blanca fault system with the associated Callejon 
de Huaylas basin geometry indicate the system is 
undoubtedly due to strike-slip and has been for 
the last 5.0 Ma as indicated by more general 
studies of the tectonics of the high Andes (Megard 
1984; Snyder, 1987). However, the lack of de
formed xenoliths and other kinematic indicators 
make it difficult to constrain a model of emplace
ment in a strike-slip environment. This problem 
may well be an intrinsic difficulty in the study of 
young Cordilleran batholiths. Thus the western 
Cordillera is characterised by N-S-trending ex- 
tensional tectonics while the eastern Cordillera 
have suffered compressional deformation (Kono, 
1989). These major features may be related to 
boundary forces due to plate convergence, and
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Megard (1984). The continuity of structure from 
the batholith into the basin, i.e. ductile through 
to brittle deformation on and beyond the fault 
zone, relates to NE-SW extension during the end 
Miocene-Pliocene (Bonnot, 1984). Indirect evi
dence for the structural environment of the 
batholith during emplacement comes from some 
large scale features, which combined with the 
foliation plane date and data from the Canyon 
del Pato allow a tentative hypothesis to be pro
posed.

Figure 9 is an outline map of the batholith and 
fault zone.Within the intrusion, the strike of the 
foliation rotates from the core towards the fault 
plane where deformation is most intense. Such 
rotation is common in ductile shear zones, where 
in the simplest case the trace of the foliation 
synthetic to the sense of shear. Superimposed on 
the outline map are the theoretical orientation of 
fractures that would form in a semi-ductile shear 
zone. If the strike of the Cordillera Blanca fault 
is aligned with the P shear direction, the offsets 
at the north and south lie close to the Rj Riedel 
shear direction, while the glacial valleys that are 
perpendicular to the fault lie along the R2 Riedel 
shear orientation. As the shear sense on the 
Riedel Rj and P shears should be sympathetic to 
the overall shear sense (providing the shear zone 
represents a strike-slip fault), measured fabrics 
along the secondary faults should also provide 
overall shear information. Such fabrics when pre
sent are dextral as indicated by the sigmoidal 
nature of the foliation. Furthermore, the moder
ately dipping rodding lineation in the aureole 
rocks lies in the same plane as the pegmatites 
(both extensional structures), indicating a clear 
structural continuity between the aureole and 
batholith. The kinematics of these rocks again 
indicate dextral shear. Such observations, if not 
conclusive, are indicative of a major strike-slip 
component in the faulting during the period of 
extension at about 3.6 Ma.

Compressional and extensional controls on 
batholith emplacement

Megard (1984) produced evidence for 6 dis
crete compressional phases in central Peru from

the late Eocene to present, of which Quechua 1 
(20-12.5 Ma), Quechua 2 (9.5-8.5), Quechua 3(6 
Ma) and a Quaternary phase at ca. 2.0 Ma are 
important here. For the same events, ages given 
by Sebrier and Soler (1990) are ca. 17,10,7 and 2 
Ma respectively, and were related by them to 
periods of high rates of plate convergence. The 
tectonic regime between these compressional pe
riods is incompletely known but according to Se
brier and Soler (1990) the Andes generally has 
been subject to a compressional regime, except 
for the high regions such as the Cordillera Blanca 
where topographical forces were important. Be
tween Quechua 3 and the Quaternary phase, 
E-W then NE-SW extensional tectonics has re
sulted in many intercordilleran grabens of which 
the Callejon de Huaylas is one. Since 20 Ma the 
Cordilleran region has been “characterised by 
short periods of compressional deformation alter
nating with larger periods of tectonic quiescence 
or local extensional deformation” (Sebrier and 
Soler, 1990). Snyder (1987) on the basis of new 
Nazca plate reconstructions considered there was 
a large strike slip component in the Andean 
movements over the period 10-5 Ma which he 
considered important in intermountain basin for
mation. Megard (1984) stressed the relationship 
between volcanic activity, extension and basin 
formation in the intermountain Yacncho basin of 
central Peru which was formed between two com
pressional pulses. Thus the final stage of Andean 
magmatism in central Peru, which includes the 
Cordillera Blanca batholith and the ignimbrites 
of the Yungay Formation, occurred between 25 
and 5 Ma, throughout periods of compression 
and extension, gross high convergence and uplift. 
In this context it is possible to briefly discuss the 
batholith intrusion and its high level evolution.

Miocene-Recent tectonic history

The intrusion of the batholith between 13 and 
5 Ma straddles the Quechua 2 and 3 of Megard 
(1984) and F4 and F5 qf Sebrier and Soler (1990), 
with Quechua 3 deformation occurring very close 
in time to the emplacement of the main leucogra- 
nodiorite facies of the batholith and the Yungay 
tuff. According to age and structural dating the
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emplacement of the batholith overlaps periods of 
compression and extension, although the exten- 
sional period between Quechua 1 and 2 coincides 
with the intrusion of the older northern and 
southern parts of the batholith (Fig. 10). Exten
sion between Quechua 3 and Quechua 2 approxi
mately covers much of the subsidence of the 
Callejon de Huaylas intermountain basin and the 
eruption of the younger ignimbrites, and the main 
leucogranodiorite around 5.2 Ma. (Fig. 10). Ex
tension at about 3.6 Ma (muscovite 40Ar-39Ar 
date) also shown by the ductile fabric relates to 
the continued evolution of the basin and major 
exhumation of the Cordillera Blanca Massif. Basin 
formation was halted by small magnitude Quater
nary compression, although extension along the 
fault has continued. Indeed, recent evidence (De- 
verchere et al., 1989) suggests that the fault in the 
central region of the batholith is seismically ac
tive and may well be actively deforming the 
batholith. Clearly there are problems in accu
rately dating the compressional pulses, so al
though the magmatic and mineral data are 
thought to be good, accurately determining the 
age of tectonism may be impossible. Nonetheless, 
it seems likely that sequential intrusion up a 
fault/dyke system with a strike slip component 
occurred. Previously, Atherton and Sanderson 
(1987), using the intrusion history and petrology

proposed an upwardly-younging nested batholith. 
This is consistent with the model proposed here 
where the youngest magma occurs near the cen
tral part of the fault system, becoming older to 
the south, east and north as the batholith plunges 
in those directions. The strike-slip environment 
clearly provides a good conduit system for the 
magmas as well as space during transtension and 
suggests the deformation operated mainly during 
transtension, with transpressive or compressive 
pulses serving to close the magmatic plumbing 
and seal the system. The generally undeformed 
Yungay ignimbrites, which were extruded before 
the deformation at about 3.6 Ma, are characteris
tic of the extensional character of the volcanism 
as indeed is the undeformed character of the 
batholith away from the western margin. Overall 
kinematic indicators imply the batholith may be a 
negative flower structure related to the Cordillera 
Blanca mega-fault structure.

Conclusions

(1) The Cordillera Blanca Batholith together 
with the contemporaneous ignimbrites of the 
Yungay Formation form the final magmatic events 
(15-2.7 Ma) of the Andean cycle in central- 
northern Peru.

(2) K-Ar ages define 2 stages in the batholith

Extension
and Batholith

Age Ma Period compression intrusion
Quaternary

Pliocene

Quechua 3
^ Ignimbrite

Quechua2

Miocene

Quechua1

Oligocene

Convergence
rate

Fig. 10. Compressional and extensional periods from the Miocene to present, and their relation to batholith intrusion and
volcanism. Plate convergence rates from Sebrier et al. (1988).
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history, an early late Miocene stage (12-9 Ma) of 
tonalite/granodiorite intrusion, and a later 
Pliocene (ca 5.2 Ma) intrusion of leucogranodior- 
ite forming the bulk of the batholith.

(3) 40Ar“39Ar determinations on micas shows 
they young with increased deformation towards 
the western fault-bounded margin of the 
batholith. This deformation at about 3.6 Ma is 
related to associated basin subsidence (Callejon 
de Huaylas) and granite (footwall) uplift along 
the Cordillera Blanca fault.

(4) Since 7.0 Ma, the Cordillera Blanca massif 
has been uplifted over 4000 m. Rapid exhumation 
has led to high erosion rates, with the hanging 
wall Callejon de Huaylas basin receiving up to 
2000 m of massif derived material over the same 
period.

(5) Intrusion of the batholith occurred in 2 
phases—an early tonalitic phase characterised by 
extension in a strike-slip environment at moder
ate crustal levels, followed by later intrusion of 
more evolved material at higher crustal (ca. 5.0- 
km) levels. Deformation here is predominantly 
extensional, and controlled by body forces acting 
at high topographical levels. Much of the defor
mation relates to this second period and field 
observations suggests a continuity between brittle 
deformation both within the western margin of 
the batholith and the Callejon de Huaylas basin.

(6) Magmatism, both plutonic and volcanic, 
appears to occurred mostly during periods of 
extension that separate the Quechua 1-3 and 
Quaternary compressional phases.

(7) The meso and macroscopic structure of the 
batholith are believed to result from intrusion 
into a transtensional, dextral shear zone. The 
overall timing of intrusion coincides with pre
dicted strike-slip movements between 10 and 5 
Ma and increased plate convergence rates along 
the Andean continental margin. In such a system 
the overall intrusive style of the batholith is con
sistent with a negative half-flower structure. Al
though the major driving force behind the rapid 
exhumation and extensional Pliocene-Recent 
tectonics of the region apparently relates to plate 
convergence during this period, causing compres
sion on both sides of the belt and large scale 
flexure in between, the intrusion of low density

granitic material at high levels in the crust may be 
equally significant, and account for the continued 
uplift seen in the region (Deverchere et al., 1989).
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LETTERS TO NATURE

Clearly, the mats are deposited much more rapidly than the 
surrounding nannofossil ooze so that the assumptions of uni
form sedimentation rates between age ‘picks’, upon which most 
palaeoceanographic techniques rely, are invalid. Indeed, the 
signal from the mat flux episodes may have to be filtered out 
to permit conventional Milankovitch band analysis. For 
example, the GRAPE record (giving carbonate-opal variation* 1 11 ) 
generally shows excellent correlation between equatorial sites. 
However, this correlation breaks'down when comparing inter
vals where one site has significant LDO and another has none.

At least three sub-Milankovitch band periodicities are present 
in laminated intervals: individual (sub-millimetre) laminations 
must represent the fall out from mat-forming episodes and, by 
consideration of sedimentation rates (above), record events of 
the order of annual average frequency. The millimetre to cen
timetre scale alternations, which record periods of more or less 
intense upwelling, represent time scales of several years to 
several tens of years and may represent a response to some 
internal oscillations of the equatorial Pacific such as El Nino. 
The decimetre-scale interbedding between LDO and nannofossil 
ooze represents timescales from hundreds to a few thousand 
years. In addition a coarser time scale of LDO occurrence exists 
(Fig. 1) which may be related to intervals of major global 
ocean-atmosphere reorganization.

The period of deposition of the laminated ooze (from at least 
15 to 4.4 Myr) coincides with episodes of major cooling and 
ocean reorganization. Although at present, age controls are 
tentative and further work will be necessary to substantiate 
correlations, the following points are worthy of note. The 10.5- 
9.5 Myr episode is penecontemporaneous with a shift in the 
main locus of silica production from the Atlantic to the 
Pacific28-30. The stopping of laminated sediment deposition after 
the 4.4 Myr event (Fig. 1) coincides with a shift in silica produc
tion from the equatorial Pacific to the Antarctic circumpolar 
ocean31,32. The absence of the laminated intervals in sediments 
younger than 4.4 Myr further suggests that nutrients, in par
ticular silica, were not supplied in sufficient quantities to fuel 
these bursts of export production in the eastern equatorial Pacific 
after this date.

This new evidence for rapid sedimentation of diatom mats 
throughout large areas of the eastern equatorial Pacific suggests 
major draw down of carbon, silica and other nutrients. Assess
ment of the extent to which the widespread, geologically corre
lated occurrences of mat deposits (Fig. 1) represent synchronous 
deposition will depend on continuing refinement of Leg 138 
time scales but may have major implications for chemical bud
gets and the rates of biogeochemical cycling. □
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Generation of sodium-rich 
magmas from newly 
underplated basaltic crust
Michael P. Atherton St Nick Petford

Department of Earth Sciences, University of Liverpool, 
Liverpool L69 3BX, UK

Sodium-rich rocks of trondhjemite-tonalite-dacite (TTD) or 
-granodiorite (TTG) suites form much of Precambrian continental ; 
crust1. They are thought to have formed by partial melting of 
subducted oceanic crust2,3—a process that would have been mud! 
more widespread early in Earth history than at present, owing to 
the higher thermal gradients prevailing at that time4. Phanerozoic 
TTD suites do exist, however, and seem also to relate to subducfioti 
zones5. Defant and Drummond6 proposed that these suites form 
where young (<25 Myr), hot oceanic lithosphere is subducted anil 
melts, thus locally simulating the conditions that led to widespread 
crustal growth in the Archaean. Here we describe plutonic and 
volcanic rocks from the Cordillera Blanca complex in Peru, whidi 
have characteristics of the high-AI TTD suite but which were 
produced above a subduction zone containing a 60-Myr-old slat, 
We present evidence that the complex formed by partial melting 
of newly underplated basaltic crust, and argue that this mechanism 
should be considered more generally as an additional way.ci
generating sodium-rich arc magmas.

Where subducting lithosphere is sufficiently hot, it can melt 
before it dehydrates, leaving a garnet-hornblende residue tfiai 
produces the low Yb contents and high La/Yb ratios charade ns- 
tic of high-AI TTD suites. Slabs being subducted today at in? 
rims of large ocean basins are typically >60 Myr old, an j" 
accordingly cold enough to dehydrate before melting • a£ 
formation is thus confined to the hydrated mantle we g£3 
the subducting slab, where residues of mainly 
pyroxene give rise to calc-alkaline magmas W1J^ ^5. j 
contents and lower La/Yb ratios than in the high-AI TL/,
The change from high-AI TTD to basa^"andes!t^’e(ji)|i[i| j 
rhyolite generation is thus symptomatic of the secuia .. ^ 
of the Earth2. . d 0f ilit

The Cordillera Blanca complex, which lies in * I 
Coastal Batholith, marks the culmination of Andean ;!
in northwest Peru (Fig. 1). It is made up 
(K/Ardate 4.65-6.7 Myr, from five dates overarm. 
and a large batholith containing a variety 0J, age'.?!
dominated by granite (SiO2>70%) with an >3stiff
5.18±0.05 Myr10"12. The ignimbrites were collecte ^ 
slip rift valley (100 x15 km) related to the C°2 
fault system, an important crustal structure w 1 
western boundary of the batholith (Fig. 1) an- 
extend at depth to the source region of the c0. .|nts. 0& 
batholith formed during transtensional nioVeeVV|ythic*;f 
strike-slip structure14. The complex overlies tae,n^gQ kiri ^ 
Miocene continental keel of the Andes, here ~ .’^ are 

The compositions of the ignimbrites ffld 
to Archaean and Proterozoic trondhjemites ^Vjcrnent {f 
Sr and Na20, and low Y and heavy rare-earth 
contents. Chemical criteria for typical slab-de ; ;
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TABLE 1 Characteristics of magmas

Characteristics CB CB

Coastal
Batholith

from
of slab melts ignimbrite granite mantle wedge

>20 32 71 13.2
>40 93 67 9

sl-1.5 0.68 0.36 1.99
£15-18 7 6.9 23.9
>15% 15.3 15.1 14

is very — very voluminous
rare rare synplutonic

3.97 4.31 3.67

Comical characteristics of slab melts3-16, Cordillera Blanca (CB) ignim- 
-tes, granites, and mantie-wedge-derived granites of the Coastal
Bjtholith18

liven in Table 1, where it is evident that the Cordillera Blanca 
- ’ocb differ from the mantle-wedge-derived30 granitoids of the 
, Coastal Batholith to the west (Fig. 1) and apparently fit the 

it characteristics of slab melts as defined in refs 3 and 16. They
i fit in the Archaean high-Al TTD and adakite17 field (Fig. 2), 

a consistent with an origin as partial melts of amphibolite with 
l diflerent proportions of garnet.

ti Various origins have been suggested for trondhjemites of the
ii TTG suite. Crystal fractionation seems unlikely in many cases, 
n is coexisting basaltic and intermediate rocks are usually lack- 
« aig3,3. In the Cordillera Blanca batholith, it is impossible to 
4 relate the granites to earlier tonalitic rocks, and there are no 
i coeval basic rocks12. It would in any case be difficult to derive 
id the high Sr/Y, La/Yb ratios and low Y and HREE contents of 
ai these magmas by fractional crystallization of the main phases 
U present in the rocks: plagioclase, hornblende and clino- 
* pyroxene3,12*18. Nor is it likely that rocks with SiO2>70% 
s could be derived directly from the mantle19,20. Alternative deri- 
d rations are partial melting of subducted oceanic lithosphere, or

Marginal Basin 

Coastal Batholith 

Cordillera Blanca Batholith 

Chicama Formation

HHI Ignimbrite

^_____ miles

------------- 1
50

^ Simplified map of area north of Lima, Peru, showing the Cordillera 
0“ Batholith and ignimbrites lying inbord of the Upper Cretaceous Coastal 

over the deep crustal keel of the Andes.

r

TABLE 2 Major and trace element compositions

1 2 3 4 5

Si02 70.4 71.6 69.66 69.61 70.4
Ti02 0.29 0.27 0.42 0.38 0.29
Al203 15.27 15.06 15.03 15.10 16.05
Fe903 0.93 0.58 2.37 2.79 0.79
FeO 0.45 0.97 — — 1.42
MnO 0.07 0.05 0.03 0.04 0.06
MgO 0.30 0.54 0.83 1.17 0.66
CaO 2.40 1.96 2.02 2.63 2.27
Na20 3.97 4.31 4.15 4.45 4.84
K20 3.21 3.51 3.46 2.23 2.59
P205 0.09 0.08 0.13 0.10 0.09
LOI 2.05 0.62 1.05 0.69 0.79

Total 99.43 99.55 99.15 99.19 100.25

Ba 891 718 ____ ____ 885
Rb 103 120 104 83 76
Sr 652 461 340 351 547
Y 7.0 6.9 9.0 9.0 0.89*

1. Average of seven ignimbrites from Cordillera Blanca.
2. Average of 17 granites from Cordillera Blanca.
3. H50, Kivijarvi TTG grey gneiss ss. Archean, E. Finland19.
4. Average of 48 Archean TTG grey gneisses from E. Finland19.
5. Average of nine Proterozoic southwest Colorado trondhjemites3 

* Yb.

partial melting of basaltic lower crust; note that partial melting 
of old Precambrian-type crust is precluded by its absence. For 
subducted lithosphere to be melted, the primary requirement is 
that it be hot—in other words, young6.

Some Cenozoic magmas are certainly related to young sub
ducting slab and may be the product of slab melting6,21. 
However, we suggest that slab melting was not involved in 
producing the Cordillera Blanca magmas. First, there is the age 
of the slab entering the trench. Numerical simulation of press- 
ure-temperature-time paths of amphibolitic oceanic crust shows 
that partial melting can occur only during the early stages of 
mbduction initiated in hot, young (<50 Myr) oceanic lithos
phere22. The Yb-depleted magmas characteristic of slab melting 
in post-Cretaceous arcs are found only in young subducted crust 
(<25 Myr at the trench6). During the period 20-5 Myr ago, the 
Nazca Plate had passed the initial stage of subduction and was 
55-65 Myr old at the trench23; it was therefore too old and cold 
for melting to occur before dehydration. Second, models of the 
thermal structure involving slab-induced convection24,25 show 
slab melting in the corner of the mantle wedge26 ~80 km from 
the trench. It follows that the TTG arc should be outboard of 
the main volcanic/plutonic arc, in the arc-trench gap. In Peru 
the TTG suite lies 300 km inboard of the present trench and 
volcanic arc12, and directly above the thickened keel of the 
Andes15. Third, lead isotope values lie in a small coherent field 
(207Pb/204Pb = 15.610-15.635; n = 6) similar to the Dupal group 
and quite different from the trend for mid-ocean-ridge and 
ocean-island basalts27. The lead values do not lie on mixing 
curve between the Nazca plate basalt and Pacific sediments, 
and we follow Mukasa and Tilton in considering that mid-ocean- 
ridge basalt from asthenospheric mantle27 was not involved. Stj 
(initial 87Sr/86Sr) and Nd; (initial I43Nd/144Nd) data (S^ 
0.705248-0.705571, n = 10; Nd; 0.512611-0.512512, n = 10; ref. 
28 and N.P., M.P.A. and A. Halliday, manuscript in preparation) 
are consistent with, but do not prove, derivation from an 
enriched continental lithosphere similar to that identified in 
Chile27.

We conclude that rocks of the Cordillera Blanca were not 
derived directly from the mantle or slab. Instead they may have 
formed in a manner similar to many Cordilleran batholiths29,30, 
from crust that is basaltic (density 3.0 Mg m-3) and does 
not include Precambrian basement-type material31. We now
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Eel. t 10% gar. amph. Leucogranodiorites
Ignimbrites

Archean high-Al trondjhemite-tonalite 
-d'acite field

v Andesite-dacite-rhyolite 
C2

consider the thermal state and crustal thickness, to determine 
the likelihood that the trondhjemites were produced by melting 
of the lower crust. The thickening of the crust beneath the 
Cordillera Blanca was by magmatic accretion since the 
Miocene31. This is consistent with high heat flow across Western 
Cordillera and altiplano32. No tectonic shortening occurred, and 
the whole of the Western Cordillera is now in isostatic equili
brium, supported by its crustal root and possibly hot underlying 
mantle31. Both the underplating and uplift would heat the crust .

Electrical conductivity surveys34 indicate a telluric current 
channelled into a high-conductivity zone which follows the 
general trend of the mountain range just to the south of the 
Cordillera Blanca. The zone lies ~50km below the present 
surface and may be associated with a low-velocity zone35 below 
40 km. Conductivities are similar to those in the Basin and Range 
province of North America (0.1 Sm_1), which Bott36 considered 
could be due to a melt fraction in highly conducting rock. A 
related feature in James’s15 model for the central Andes is the 
low shear velocity in the upper mantle (4.25-4.30 km s ') along 
the path of the high-conductivity zone. This suggests a hot upper 
mantle in the same region. High-level thermal features include 
thermal gradients of 40-60 °C km-1 (ref. 32) and active thermal 
springs along the line of the Cordillera Blanca fault system.

The data indicate a high geothermal gradient extending from 
shallow crustal depths down to the mantle, with melt probably 
present at ~50 km depth. This structure relates to the underac
cretion and uplift and has existed since the Miocene, when 
temperatures in the crust must have exceeded those of the shield 
geotherm. The lowest temperature gradient estimated from 
analysis of obducted lower crust33 is 20 C km ; even for this 
conservative estimate, temperatures at the bottom of the crust 
(~50 km) would have been greater than 1,000 °C—sufficient to 
produce trondhjemitic melts from hydrated basaltic composi
tions with residues of amphibole, garnet and clinopyroxene and 
little or no plagioclase37. This is consistent with the views of 
those who consider high-Al 11D magmas to result from partial 
melting of amphibolite, with or without garnet38,39. Such magmas 
have high Na20 and Sr and low HREE contents, and on a Sr/Y 
versus Y plot (Fig. 3) they lie in the Archaean high-Al TTD 
adakite field (Fig. 2).

Miocene/Pliocene trondhjemite, tonalite and ignimbrite com
prise the final magmatic event (~5 Myr) in the central Andes 
of Peru12; we consider that they were produced by partial melting 
of lower crust that had recently been, or was still being, thickened 
by magma underplating. We envisage a dynamic model in which 
compositions of partial melts evolved to reach TTG types as 
the crust thickened by underplating, and passed through the 
garnet-in transition about the end of the Miocene.

146

FIG. 2 Plot of Sr/Y against Y for Cordillera Blanca granitic and ignimbritic 
rocks with Archean and ADR fields3. Partial melting curves for basalt leaving 
residues of 10% garnet amphibolite (gar. amph) and eclogite (Eel) from 
Drummond and Defant13. Partial melt values shown on curves. Adakites 

also plot in TTD field.

*
Other probable examples of melting of thick lower crust 

include the late Tertiary granitoids of central Chile® 
trondhjemitic rocks of west central Idaho and north Cascades!/; 
and the eastern tonalites of the Peninsular Range29. It is ndt 
appropriate to use a single model involving slab meltingjj

* • _ 11 'T'nr/r'* ^ A o n run \i/a rH c ^explain all TTG from the Archaean onwards .
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Na-rich Partial Melts from Newly 
Underplated Basaltic Crust: the Cordillera 
Blanca Batholith, Peru
The late Miocene Cordillera Blanca Batholith lies directly over 
thick (50 km) crust, inboard of the older Cretaceous Coastal 
Batholith. Its peraluminous ‘if type mineralogy and its position 
suggest recycling of continental crust, which is commonly 
thought to be an increasingly important component in magmas 
inboard of continental margins. However, the peraluminous, 
apparent rS’ type character of the batholith is an artefact of 
deformation and uplift along a major crustal lineament. The 
batholith is a metaluminous T type and the dominant high- 
silica rocks (>70%) are Na rich with maty of the char
acteristics of subducted oceanic slab melts. However, the position 
of the batholith and age of the oceanic crust at the trench during 
the Miocene preclude slab melting. Instead, partial melting of 
newly underplated Miocene crust is proposed. In this dynamic 
model newly underplated basaltic material is melted to produce 
high-Na, low HREK, high-Al ‘trondhjemitic1 type melts with 
residues of garnet, clinopyroxene and ampfnbole. Such Ha-rich 
magmas art characteristic of thick Andean crust; they are sig
nificantly different from typical calc-alkaline, tonalite-grano- 
diorite magmas, and their presence along the spine of the Andes 
provokes questions about models of trondhjemite genesis by 
melting of subducted oceanic crust, as well as any generalized, 
circum-Pacific model involving consistent isotopic or chemical 
changes inboard from the trench.

KEY WORDS: batholith; modified ‘P type granite; Ha-rich magma; 
thick crust

INTRODUCTION
Mesozoic-Tertiary calc-alkaline batholiths con
stitute a major component of the magmatism of the 
Andean margin. Although the parent magmas have 
a substantial mantle component (Miller & Harris,

1989), recycling of crust is to be expected by analogy 
with the Himalayas, the other active continental 
margin characterized by very thick crust. In active 
continental margins there is commonly a switch to 
‘S’ type or crustally derived granites inboard of 
granites with a mainly mantle signature (Pitcher, 
1983). Here we describe the Cordillera Blanca 
Batholith of Peru, This lies inboard of the Coastal 
Batholith (Fig. 1), directly over the massively 
thickened keel of the Andes. Given the unique tec
tonic position of the Cordillera Blanca as the final 
component in an easterly younging plutonic 
sequence intruded into thickened continental crust, 
recycling of old continental crust might be expected. 
Reconnaissance studies (Cobbing et al., 1981; 
Pitcher, 1983) concluded that the peraluminous 
rocks of the batholith were indeed ‘S’ type, he. 
derived from a sedimentary source (Chappell & 
White, 1974), This thinking was partly based on the 
belief that the Precambrian crystalline Arequipa 
basement ‘is an essential element in Andean 
structure’ (Cobbing, 1985, p. 5) which floors the 
whole of the Andean margin and was probably the 
source of the batholith magmas. However, sub
sequent studies demonstrated that the peraluminous 
or 'S’ type character is confined to rocks of the 
western deformed margin of the batholith and it was 
considered by Atherton & Sanderson (1987) to be 
related to high-level latc-stage fluid interaction with 
the aluminous country rocks into which the batholith 
was intruded. New major and trace element 
[including rare earth element (REE)] and Sr, Nd 
and O isotope data are used to define the geo
chemical variation within the batholith, to assess the

•Comaponding author. © Oaford Univenily Press 1996
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Fig. I. Simplified map of mid-northern Peru ihowing the Cordillera Blanca Batholith, bounded to the west by the Cordillera Blanca 
Fault System and lying within the Jurassic basin fill of the Chi cams Formation. The eastern boundary of this basin is marked by the 
Maranon Thrust and Fold Belt (MTFB), which is also the eastern hmit of the west Peruvian Trough of Wilson & Garayar (1967). Inset 
shows the distribution of leucogranodiorite and tonalite-quam diorite, and recent U/Pb zircon (Mukaaa, 1984) and i0Ar/5’Ar (Petford 
& Atherton, 1992) ages. The 5-18 and 6 3 Ma ages are from leucogranodioridc rocks from the Lianganuco traverse, whereas the older 

ages, including the U/Pb zircon age of 13-7 Ma, are from the early basic lades rocks in the southern Carhuish area.

relative role of crust and mantle components, to 
relate fluid infiltration to deformation, to determine 
the relationship between crustal thickening and the 
origin of the batholith and to determine and explain 
the compositional changes inboard from the Coastal 
Batholith.

GEOLOGICAL FRAMEWORK
The Cordillera Blanca Batholith is situated in the 
high Andes of northwestern Peru between 8 and 
10’S. It is >200 km long but may extend even 
further as it plunges beneath the cover to the south

(Fig.l). Radiometric ages indicate a Miocene- 
Pliocene age of intrusion (Cobbing el al., 1981).

The batholith was intruded into the Chicama 
Formation, a 2000 m thick basinal sequence of 
Upper Jurassic shales intercalated with siltstones, 
quartzite and volcanic rocks (Fig. 1). The rocks were 
deformed and uplifted in the Eocene, most of the 
deformation being concentrated to the east in the 
Maranon Fold and Thrust Belt (MFTB, Megard, 
1989). During the Miocene there were three short 
periods of compressional activity [Quechua 1-3 of 
Megard (1989) at ~20 Ma, 9 Ma and 6-3 Ma] 
separated by neutral or extensional periods. The

1492
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Cordillera Blanca Batholith and coeval ignimbrites 
(Yungay Formation) intruded and ejected over the 
period 14-3 Ma represent the Anal magmatic events 
in central Peru associated with the extensional 
periods between the Quechua events (Petford & 
Atherton, 1992).

The western margin of the batholith is bounded 
and strongly deformed by the Cordillera Blanca 
Fault System (Fig. 1), a NNW-SSE-striking normal 
fault complex extending > 200 km in length which is 
still active (M6gard & Philip, 1976; Sebrier et ai, 
1988). This fault system is the dominant structure in 
this part of western Peru (Cobbing et al., 1981), 
representing a long-lived crustal lineament which 
marks the western margin of the Jurassic basin, and 
later, controlled magma ascent, and post-emplace
ment uplift of the batholith owing to buoyancy 
forces at high crustal levels (Petford & Atherton, 
1992).

The geology of the area was first described by 
Steinmann (1910) but it was not until 1956 that 
Egeler & De Booy published the first geological map 
of an area between 9*20' and 9*40'S (about a sixth of 
the batholith) in very high difficult country. More 
recent reconnaissance studies have provided limited 
field, chemical and age data (Wilson & Garayer, 
1967; Cobbing et al., 1981; Atherton & Sanderson, 
1987), and the Miocene and Recent tectonics have 
been described by French worken (e.g. Sebrier et al., 
1988; M&gard, 1989).

THE STRUCTURE OF THE 
CRUST OF NORTH-CENTRAL 
PERU
Recently, Fukao et al. (1989) published the results of 
a 4 year gravity survey across the Peruvian Andes, 
supporting the earlier seismological work of James 
(1971) which showed that the crust thickens south
wards from 45-50 km in Northern Peru to 50-60 km 
in Central Peru (Fig. 2), reaching a maximum of 70 
km beneath the Altiplano. The major thickening is 
associated with material of density 3 0 g/cm5 (P- 
wave velocity of 6-5-7-0 km/s). A detailed gravity 
survey at latitude 9°S (Couch et al., 1981), also 
emphasizes the deep crustal keel beneath the Cor
dillera and a lower and middle crust dominated by 
3 0 g/cm3 material (Fig. 2). These densities are con
sistent with the presence of a mafic underplate at the 
base of the crust. Detailed modelling including 
seismic refraction studies and crustal shortening esti
mates further south (21-24*8) also indicates that the 
thickened crust beneath the Western Cordillera

CordWara Blanca BaAhoHtfi

-200 -300
Distance km

-500

Fig. 2. West-east cross-section through the batholith showing the 
crustal structure at 9*S, with densities after Couch it «/. (1981). 
Corresponding velocity data from Wilson (1985). The low-velocity 
sones (LVZ) with vdodties are from Ocola & Meyer (1972). 

Lined part of the lower crust is the underplated keel.

probably results from magma addition from the 
asthenospheric wedge (Schmitz, 1994).

At present, the Nazca plate is subducting beneath 
the Peruvian Andes at a velocity of 10 mm/yr, and 
the dip of the slab is 30* just off the coast, then it 
follows a quasi-horizontal trajectory inland (Suarez 
et al., 1983). Subduction angles during the Miocene 
are thought to have been similar to those today (see 
Kono et al., 1989). Fukao et al. (1989), using a three- 
layer gravity crustal model and earthquake foci, 
showed that there is a clear mantle wedge under the 
Cordillera Blanca which is absent further south 
owing to subduction of the buoyant Nazca ridge.

STRUCTURE OF THE 
BATHOLITH
Details of the structure of the Cordillera Blanca 
Batholith and the mode of intrusion have been given 
by Petford & Atherton (1992) and only a short 
synopsis is given here to facilitate relation of the 
different granite types to deformation. Strong de
formation is confined to the western margin and is 
clearly fault related, occurring during and after 
batholith emplacement. Pre-full crystallization, high 
melt-fraction fabrics, including biotite schlieren, 
layering and aggregates of magmatic phenocrysts, 
are confined to the undeformed core of the batho
lith. These pass into low-melt fraction-meta- 
morphic fabrics and ultimately late brittle and 
cataclastic structures at the intensely deformed 
western margin (see Petford & Atherton, 1992). The 
westward intensification of the deformation fabric
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culminates in ribbon quartz in the plane of the mica 
foliation. Such textures only occur when the host 
rock is in the solid state and reflect high shear strains 
associated with late upliA. Regional structures 
indicate a dominantly tensional stress regime during 
the Oligo-Miocene in the Western Cordillera, 
which, on the basis of the neotectonic structures, is 
still undergoing extensional collapse (Sebrier et al., 
1988).

THE MAIN FACIES AND 
MINERALOGY OF THE 
BATHOLITH
The major mineral phases are plagioclase, K- 
feldspar, quartz, amphibole and/or biotite (Egeler & 
De Booy, 1956; Atherton & Sanderson, 1987) with 
individual rocks ranging from quartz diorite-mon- 
zonite to evolved granite (Fig. 3). The rocks as a 
whole deflne a crude calc-alkaline trend (Lameyre & 
Bowden, 1982) on a QAP plot (Fig. 3). Detailed 
mapping in a small area in the south of the batholith 
by Egeler & De Booy (1956) defined three major 
units: (1) leucogranodiorite (>70% SiO^); (2) 
granodiorite; (3) tonalite-quartz monzodiorite. Leu
cogranodiorite dominates (>85% of the batholith), 
and the other units form older subordinate-discrete 
outcrops occurring mainly in the south and at the 
margins of the batholith (Fig. 1). Although the field

Qtz

Fig. 9. QAP plot lor the rocks of the Cordillera Blanca Bathloith. 
Open squares, granodionte, tonaHte and various diorites: filled 
diamonds, leucogranodioritcs; open circles, pegmatite-aplite. It 
should be noted that the diorites, tonalitet and granodiorites 
cannot be distinguished completely on this diagram. Because of 
this and the similar age (Egeler A De Booy, 1956) they are 

grouped together.

definitions of Egeler 8c. De Booy (1956) are not 
entirely consistent with the QAP nomenclature, we 
have retained the general three-fold division, as the 
rock units they recognized in the field appear to be 
represented throughout the batholith.

Amphibole is present in all units, and is associated 
with clusters of euhedral zircon, apatite, sphene, 
biotite and magnetite. Compositions vary from 
magnesiohomblende to ferrohornblende (Petford, 
1990) with little change in APV, Si and Mg between 
the different units.

Biotite forms large primary euhedral plates or 
replaces amphibole. Compositions straddle the phlo- 
gopite-annite divide (Petford, 1990) and evolve 
towards siderophyllite in the acidic rocks. Plagioclase 
is zoned (Anjg-ig) and is rather sodic, even in the 
basic rocks (at ~55% Si02 An49_w; Petford, 1990). 
K-feldspar is phenocrystic in the leucogranodioritcs, 
where it can be up to 8-5 cm long and enclose all the 
other phases.

Muscovite is confined to leucogranodiorite facies 
rocks, and is of secondary origin. It occurs in the 
deformed rocks of the western margin within strong, 
quartz ribbon fabrics (Atherton 8c. Sanderson, 1987; 
Petford & Atherton, 1992). Mineral compositions 
are consistent with the textural evidence in that the 
Ti contents are low, as indicated by Miller et al. 
(1981) for secondary muscovite (Petford 8c. Atherton, 
1992).

Two aspects of the mineralogy are important. 
First, the primary assemblage is metaluminous, con
taining hornblende, sphene and magnetite. Sig
nificantly, muscovite is a late local overprint. 
Second, although the mineralogy in most respects is 
similar to that of the Coastal Batholith both modally 
and compositionally (see Mason, 1985), plagioclase 
is clearly more sodic and there are no An-rich cores 
(An >80%) so characteristic of infracrustally derived 
granites (Chappell 8c. Stephens, 1988). These differ
ences are important and together with the chemistry 
distinguish the Cordillera Blanca Batholith from the 
Coastal Batholith.

Syn-plutonic basic dykes and associated mafic 
enclaves have not been found in the Cordillera 
Blanca Batholith. One late dyke cutting the roof 
facies at Llanganuco is ~4 m wide and chilled 
against the leucogranodiorite. The only other dyke 
found is a sheared microdiorite, again cutting leuco
granodiorite in the Canyon del Pato (Fig. 1, inset). 
The paucity of evidence for contemporaneous basic 
magma is a further significant feature in strong con
trast to the Coastal Batholith (and most Cordilleran 
Batholiths), where it is abundant in the form of syn- 
plutonic dykes, enclaves and mixed rocks (see 
Pitcher et al., 1985).
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AGE OF THE BATHOUTH
K~Ar radiometric ages have been determined by a 
number of workers (see Cobbing et al., 1981), with 
values showing a spread of apparent ages between 
16*5 and 2*7 Ma. The data apparently define two 
groups, i.e. 16*5-9 Ma and 6-2*7 Ma. The older ages 
occur in the southern and eastern margin in tonalitcs 
and diorites, and were considered by Stewart et at, 
(1974) to represent intrusion ages. The inter
pretation of the younger ages (6-2*7 Ma) in the 
leucogranodiorite is more problematical, not least 
because the youngest occur along the western 
deformed margin. Recent '40Ar/39Ar dating (Petford 
& Atherton, 1992) has confirmed a young age (5*18 
Ma) at Llanganuco and the older age (9*87 Ma) at 
the southern end of the batholith (Fig. 1). Uranium- 
lead zircon data (Mukasa, 1984) from a leuco
granodiorite from Llanganuco form an isochron with 
the relevant intercept at 6*3 ±0*3 Ma, and two frac
tions from a tonalite from the Carhuish Stock give a 
13*7 Ma age (Fig. 1). These more recent data com
plement the K-Ar data and emphasize the age 
grouping. 40Ar/MAr data also indicate that ages 
young from 5*18 ±0*5 Ma at the centre of the bath
olith to 2*7 Ma towards the western, fault-bounded 
margin (Petford .& Atherton, 1992). This ‘younging* 
is believed to reflect argon loss from deformed and 
recrystallized micas after granite emplacement. The 
deformation ages recorded by the muscovite foliation 
coincide with Quechua 3, the final stage of Pliocene 
tectonic activity in northern Peru (Megard, 1989). 
No ages are available for the granodiorite, which is 
assigned to the older units following Egeler & De 
Booy (1956).

The tonalite-quartz diorite facies to the south and 
on the margins are significantly older than the 
leucogranodiorite (~8*5 Ma) and therefore they 
cannot be directly related.

GEOCHEMISTRY
Sixty-six rocks were analysed for major and trace 
elements by X-ray fluorescence (XRF) and instru
mental neutron activation analysis (INAA) (U, Cs, 
Ta, Hf and Th). Sample collection was determined 
by accessibility and geological interest, with a con
centration along the well-exposed glaciated valleys, 
perpendicular to the strike of the batholith at Llan
ganuco, Olleros, Cojup, etc. (Fig. 1). Representative 
analyses and analytical procedures are given in 
Table 1.

Major elements
Major element variation diagrams for rocks of the 
batholith show a large compositional range (52-77%

Si02). Although there is some scatter, AljOj, TiOj, 
MgO, P2O5 and CaO all show good negative corre
lations (Fig. 4). Only K2O and Na20 increase with 
increasing Si02, the latter showing a generally flat 
trend around a mean of ~4 with just a slight 
increase in the leucogranodiorites (average 4*7%, 
n“32, range 3*19-5*32).

The granodioritic rocks (67-70% SiOj) show 
good trends for MgO, CaO, Ti02, KaO and p205, 
whereas the tonalitic-dioridc facies with SiOa con
tents <65% show considerable scatter (Fig. 4). 
Aplites and pegmatites have variable high alkali 
contents and low MgO, FeO and CaO contents (Fig.
4).

On a K20 vs Si02 plot the rocks define a typical 
high-K calc-alkaline trend (Fig. 4). Alkali contents 
are high, with Na20 ranging from 3*19 to 5*61% 
and KaO from 1*86 to 5*83%. On a Kj0 + Na20 vs 
Si02 plot the samples lie on the dividing line 
between the alkaline and subalkaline field. In con
trast, rocks from the Coastal Batholith are subalkalic 
(see Fig. 8 below). It should be noted that, on a 
chemical basis, the leucogranodiorites with $i02 70- 
74% (average 71*6%) and K20+Na20>6% 
classify as granites (Wilson, 1989).

The difference in total alkali chemistry between 
the two batholiths is due almost entirely to the higher 
NaaO content of the Cordillera Blanca suite (see Fig. 
8 below), K20 values being similar to those of the 
Coastal Batholith. These Na-rich plutonic rocks have 
only recently been recognized and distinguished from 
rocks of the more voluminous Coastal Batholith 
(Atherton 8c Petford, 1993), although it is clear there 
are similar rocks throughout the high Andes (e.g. see 
Parada, 1990), When plotted on an Ab-An-Or nor
mative diagram, they trend from tonalite through 
granodiorite to a tight group just within the trond- 
hjemite field of O’Connor (1965), although some 
straddle the boundary and a few lie in the granite 
field (Fig. 5). The leucogranodiorites are clearly dif
ferent from granites with a similar SiOj range of a 
typical Cordilleran superunit from the Coastal Bath
olith (Fig. 5, which evolved by fractionation from 
tonalite (Atherton, 1984). They are trondhjemites or 
transitional trondhjemites on the basis of normative 
classifications. These rocks are singular in that there 
are also subtle differences in major element chemistry 
compared with granites (70-74% Si02) from typical 
Cordilleran suites, with lower FeO (total), MgO, 
TiOa and CaO, and significantly higher AI2O3 than 
equivalent rocks from the Coastal Batholith (Figs 6 
and 8).

In contrast, the tonalites and granodiorites are 
similar in some respects to the tonalitic suites of the 
Coastal Batholith. Thus on an Ab-An-Or classifica-
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Table 1: Major and trace element abundances in the batholith rocks

LtuooQnitodlorttaB

SampU: sto •84 •02 800 818 888 928 •18 76 76

«0, 71-48 72-28 7214 70-13 72-48 72-27 72-18 71-74 710 72-2
TTO, o-a 0-2 0-2 0-38 0*2 0-2 024 0-22 024 024
AM3i 14*84 14-88 14-88 1801 14-84 14-7 18-18 14-85 16-27 1808
^•(T) 1-OS 0-04 3-34 1*77 0-78 008 078 1 103 101
MnO 0-04 0-04 0-07 008 006 006 004 006 006 008
M«0 0-18 017 1-88 088 0-11 008 0-22 02 021 1-88
CaO 1-S2 3-12 1-78 2-78 1-7 106 1-82 104 1 84 1-8

4-74 488 3-18 4-28 802 40 488 408 4*88 307
K*0 181 3-88 3-2 3-48 306 3-88 388 308 3 48 3-26
^iO, o-os 008 O-OS 008 006 008 Ol 008 007 008
LCH 0-82 0-48 0*8 0-8 0-81 002 0-78 008 04 041

ToMi •0-83 100-3 100-8 98-88 8808 88-1 MSI •8-28 88-38 •087

Or 21-3 21*7 18-8 200 21 220 220 210 201 18*3
Ab 40-1 41 27 38 42-3 400 38-4 41-3 41*1 31
An • 7-4 • 4 no 60 7-1 8-4 81 8-2 •0

•« •73 818 884 • 18 M2 738 778 884 780 728
C« 47 t 33 t IS 48 80 26 41 38
C« 7S 88 68 •1 74 87 84 •8 87 77
Cr • 41 38 88 •7 39 34 133 10 8
Csa 88 1-31 3-17 • 29 2-1 2-2 1 301 3-1 2-08
Eu* 084 t 121 t 0-7 07 1 — — —
Hr 38 2*72 2-13 3-14 20 4-1 32 3*38 4-88 3-22
u 18 t 20 t 12 IS IS 14 28 22
ne 20 t 21 t 17 19 IS 17 28 24
N( 18 18 31 18 30 16 16 60 7 8
n> 18 IS 17 17 22 20 23 18 21 20
Rb 143 133 •1 122 118 122 141 133 100 138
Sc 2 2 4 1 2 2 2 2 4 4
Sm* 388 t 3-38 ♦ 2-7 31 3-3 40 8-2 4-88
Sr 488 427 440 483 380 358 471 481 888 830
T«* 2-18 1-38 0-78 1-48 1-7 1-4 1-S 2-3 2-18 108
Tb* 0-31 ♦ 0-18 t 0-28 038 032 0-33 047 044
TV •-• 10-8 20-4 18 10 12 11 7 120 11-8
U* 3-01 1-78 8-37 8*87 2-7 1-4 3-3 4-27 4-83 2-88
V 18 11 78 30 — — — 12 IS 18
Y 8 8 7 • 7 12 7 12 • •
Zn S3 28 ■0 88 — — — 60 34 43
It 131 103 •8 103 82 84 106 118 142 112

MM
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Table 1: continued

Laucogranodiorttn Pegmatitn

Swnpto: 84 924 927 64 93 69 885 916 77 92

SiOjt 70-86 71-13 71-72 72-25 72-15 71-21 74-96 77-04 75-59 74-7
TlOi 0-23 0-23 0-28 0-28 0-19 0-25 0-1 0-11 0-13 0-1
AtOj IB-79 14-86 14-68 14-98 15-22 14-53 13-91 13-08 13-87 14-68
F*fT) 1-17 1-04 1-1 1-09 0-85 1-9 0-24 0-45 0-55 0-71
MnO 006 006 004 006 0-09 006 0-13 0-04 004 0-16
MgO 0-24 0-19 0-24 0-6 0-14 0-1 <0-1 <0-1 <0-1 <0-1
CaO 2-08 1-87 2-04 196 1-72 1-83 0-58 1-11 0-93 0-81
N*jO 5-32 4-95 5-02 4-85 5-19 6-13 4-43 5-36 5-01 5-07
K20 3-38 3-42 3-18 3-29 3-23 3-12 4-32 2-52 4-04 3-84
PaO, 0-07 0-06 007 0-08 0-05 006 0-08 0-04 004 0-04
LOI 0-89 1-91 1-37 0-19 0-62 1-09 0-71 0-07 004 0-12

Total 9969 99-72 99-74 99-53 99-45 99-27 100-5 99-83 100-3 100

Or 20 20-2 18-9 19-4 19-1 18-4 25-3 14-9 23-6 22-7
Ab 45 4-19 42-3 41 41-6 43-4 37-6 45-3 42-4 42-9
An 9-2 82 8-1 9-1 11-8 6-9 2-3 42 3-4 2-8

Ba 813 697 473 672 693 357 29 42 121 <0-1
Cfl 42 27 38 37 27 t 8-4 2 7 50
Co G9 64 68 57 68 74 64 78 57 40
Cr 9 37 34 12 8 6 103 114 8 5
Ca* 1-36 — _ — — — 1-2 2-9 — —
Eu* — — — — — t <0-1 1 — —
Hf 3-78 — — — — — 1-27 0-2 — —
La 27 17 19 23 17 t 4 1 4 6
Nd 24 16 23 21 17 t 7 6 7 36
Nl 4 16 16 4 4 5 41 43 6 2
Pb 17 21 22 17 20 21 15 18 21 25
Rb 101 135 149 100 155 161 207 104 145 43
Sc 4 1 3 4 3 1 2 2 2 6
Sm' 4-45 — — — t 0-71 0-1 — —
Sr 670 461 419 532 389 368 41 102 60 <0-1
Ta* 1-41 — — — — — 357 3-4 — —

Tb* 0-32 — — — — t 0-18 0-12 — —
Th* 10-2 9 16 9-4 8-4 11-5 5 0-84 8-3 7-2
U* 2-52 — — — — — 9-6 5-2 — _

V 16 13 18 26 9 17 3 5 4 5
Y 9 15 11 6 10 9 8 5 22 35
Zn 30 68 58 57 68 55 10 13 6 13
Zr 137 119 118 125 81 104 22 1 23 572

(corttinutd on n*xtp*f*)
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TabU 1: eontituud

Sanpte:

QuarsdteriiM Tonatitw Dyfca

43 401 404 404 409 64 410 414 424 44

SiO, SI-41 44-09 44-44 44-47 41-71 63-37 43-41 44-34 44-37 64-34
no. 044 127 0-42 1*21 0-M 0-74 0-71 0*44 0-44 104
AbQi 14-12 14-44 17-47 14-11 14-43 14-22 14-44 1403 16-4 17-16
MT) 7-34 7 4-04 7-3 4-36 301 3 44 3-16 2-23 4-44
MnO 4-12 01 0-07 0-1 004 004 004 004 0-04 0-1
MgO 4-72 4-02 2-7 4 3-44 2-04 1-62 1-24 0-4 30
CaO 7*34 4 44 4-74 4-47 6-24 4-44 4 27 3-17 3-2 644
Na^) 3-44 3-41 4 24 3-41 3 42 4-12 4-1 4-11 3-62 4
M> 1-44 2*24 2-02 1-M 104 2 32 2 44 206 3-60 2
^>0, 0-22 0-34 0-3 0-37 0-23 0-14 0-14 0-12 0-16 0-24
LO» 3-44 2-12 2-04 3-01 2-04 104 1-M OO 1 401

Total 44-4 4*4. 44-4 100-4 100-7 46*1 44-42 100-2 1000 100-4

Or 4-4 13-2 11-4 11-4 11-7 13-7 14-4 170 21-1 11-6
Ab 33-3 30-4 344 30-4 32-3 340 34-7 34-6 32-3 33-6
An 24-4 23-4 23-4 21-4 20-2 140 14-4 140 14-2 23

>a 412 722 444 447 410 474 402 744 704 477
Ca 33 t t 44 t t 27 34 20 34
Co 40 44 42 41 64 44 41 S3 62 37
Cr 44 44 34 44 42 4 63 34 24 M
Ca* 4-1 3-4 3-7 3-3 2-44 — 2-12 1-4 4-3 2
iy* 1-24 t t 1-4 t t 1-06 1-3 0-4 1-23
Hr 3-24 2-41 4-4 3-4 3-44 — 406 30 3-3 4-34
La 17 t t 24 t t 22 16 15 22
NO 24 t t 34 t t 16 IS 17 33
Ni 14 20 20 21 20 14 14 14 20 21
Pb 4 11 12 4 3 10 4 7 22 3
ftb 44 71 44 44 42 44 41 114 133 44
Se 24 IS 7 14 12 7 6 6 2 14
Em* 4-43 t t 4-3 1 t 3-4 4 20 4-74
Sr 743 444 444 443 711 427 764 473 443 394
Ta* 0-74 0-43 1-3 0-74 2-4 — 0-74 1-7 1-3 1-37
TP* 0-41 t t 0-46 1 t 0-27 0-47 0-27 0 74
TV 2 4*7 13 3 4 43 6 140 11 25 4
U* 1-42 3*4 3*1 2-4 2-4 — 2 43 3-3 3 1-74
V 200 141 121 173 134 M 42 47 34 163
V 14 14 11 IS 12 10 7 13 4 26
Zn 117 112 44 124 M 43 114 42 76 116
Zr 114 141 144 142 114 114 140 107 123 161

jtemwnt byXRF.
* DM by IN AA. tSM Tabto 2.
Th> fwlyiwi rocbi ft b—h Wntoibwlioii wqmX from th« cMcl—itw n—r th« vwrtwn contact Minor chteritix»tien of hombtond* 
andbioiiBi»iMtuneanM*wnbiitln8SKofcaMihiMk«up < 1%byvokim« and i« often much Ian. K-fckbparandpUgioctaMirarsivIy 
•Iteted In the ioc>tecf#teMMmtiM^ the dcfomMontettronglypcrtMoncd Into quwti tone* theIMdipwichowInBbrtHtehactum 
but WnU Of rwMwtion. Stekltteteionflrf pi■gioci■— te uncommon. Onrock not inducted In the a^ph»i«i »trowqiy»hMr»d rock with cn 
cnomciom chmiteiy in bcChmNot end >»c»»tem>trte. eg. very low CcO. Vend Srcnd vwy high W^compwcdwhhcquivatentrochi. h 
h—viu—wilcwybomthcgcntiitiondi.Thc teckcf cdmacf pcttifnofvclmt and thee eminent pattern in Rb,Vind Lc.fofxcmpte, 
■ugBCtetttettfw canter in came ctemcnte tenet duo to teto-attQocmwtion.

M|or ctemcnte more dcteimincd by cnolycteclgtem Alteon dteccucing the method ofNonteh It Hutton (IKf). end tfcccctemcnte on 
proMcdpowderpteteteoddibioconoctteneotBrowmc(aC (1973). ftetadvodevietimtefthemeioretamentewee <1-8%forSK}*TIO^ 
A1*0», FesOs, CeO, NeiOend K«0,2*9% fa MnO, 3% for MgO end 18%for PjOt. Devtedonehom Qj [Stenderd value—enelyeed vehie 
(4)) ere SiOtO-HnOaO-O; AijOjO-O; FexOjO^11; MnO 0-07; MgO 0-02; CeO 0-11; NasO 0-07; K^OO-OI; r, 0,0-01.
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leuco-
granodiorite

aplites medium

Fig. 4. Marker diagrams for major demenu in rocks from the Cordillera Blanca Batholith; symbols as in Fig. S. Guide lines are drawn to 
separate granodioritk rocks showing coherent trends in MgO, CaO, TiOj, PjOj (65-70% SiO^) from the tonalites and diorites which 

are of similar age. The KsO vs SiOj plot indicates the high-K character of the batholith.

1499



JOURNAL OF PETROLOGY volume 37 NUMBER I DECEMBER 1996

Tonalrte

Trondhjemfte

Granodiortte
onaJrte

rondhjemite

An-Ab-Or diagram ihowing the trondhjemitic character of the leueof ranodiorites and the tonalibc, granodioritic character or 
the more banc rock*. Fieldi from O’Connor (1965). Fractionated granites (>70% Si Or) from the Santa Rosa Super Unit of the Coastal 
Batholith have compositions in the stippled field. Symbols as in Fig. 3. Inset shows Cordillera Blanca leucogranodiorites. Coastal Batho- 
hth granite field and the field (diagonal lines) for experimental melt compositions (Sen ft Dunn, 1994) from amphibolite dehydration at 
1-5 and 2*0 GPa, with the arrow showing the change in composition of melts with increasing temperature. Filled triangle is the experi

mental starting composition (■ source). The amphibolite assemblage was amphibole, plagiodase, quartz, ibnenite and garnet.

tion diagram they also lie in the tonalite-grano- 
diorite field (Fig. 5). None the less, compared with 
those of the Coastal Batholith they have slightly 
lower CaO and MgO, and higher Na^O + KjO (Fig. 
8) contents comparable with the leucogranodiorites, 
but the AljOj contents (see Fig. 8) are the same or 
lower and the TiOj contents higher.

Trace elements
Trace elements show good correlations with SiOg for 
some elements such as V but diffuse trends for Sr, Ba 
and Rb (Fig. 7). Generally the trace elements show 
far more scatter than the major elements, and even 
the granodioritic rocks show little coherent variation 
(Fig. 7). Rb/Sr increases very slightly (from 0*18 to 
0*59) over the range 52-73% SiOj, whereas K/Rb 
shows significant scatter about a mean of ">*250 over 
the same SiOj range. Importantly, Sr is enriched 
and Y is depleted in the Cordillera Blanca rocks 
relative to similar rocks in the Cordillera Batholith 
[Fig. 8 and Atherton & Sanderson (1985)].

Aplites and pegmatites with Si02>74% [DI 
(normative quarts+ orthoclase + a!bite) >90], are 
characterized by marked depletions in Sr, Ba, La, 
Ce, Nd, Zr, Hf and Zn relative to the more basic 
facies (Fig. 7, Table 1).

Rare earth elements

Eighteen rocks spanning the range of SiOj (55- 
73*6%) of the batholith were analysed for REEs (by 
radiochemical neutron activation analysis, Table 2). 
Lajy/Yb*- ratios range from 3*3 to 77. The leuco* 
granodiorites are strongly depleted in heavy REE 
(HREE) compared with the more basic rocks 
(quartz diorite-tonalite), but there is overlap in the 
light REE (LREE) from La to Pr although the 
leucogranite field lies at lower values (Fig. 9). Leu- 
cogranodiorite 884 from Paron (Fig. 1) has the 
lowest REE abundances and highest La^/Yb/y ratio 
(77) of all the rocks. The variation within the leuco* 
granodiorite facies is large (Fig. 9). La,y/Yby varies 
from 19 to 77 over an Si02 range of 3%, in rocks 
which crop out over a distance of 140 km. Only one 
sample (69) exhibits a negative Eu anomaly. A plot 
of Lajr/Yb#- vs Si02 shows a steady increase in La_*-/ 
Yby ratio in the basic-intermediate facies, i.e. with 
SiOj contents up to ~65%, then considerable 
scatter in the leucogranodiorites and granodiorites 
(Fig. 10). The consistent variation in rocks below 
65% is due to a decrease in the HREE (e.g. Lu* 
varies from 10 to near 2*2; Fig. 9) with increasing 
silica content; a feature implying a consistent change 
in source mineralogy or amount of melt with time,
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or fractionation of a phase such as garnet with a high 
Ko for the HREE.

Radiogenic isotopes and the source of the 
magmas
Sr (whole rock) and Pb isotopic data for separated 
feldspars from the Cordillera Blanca Batholith have 
been discussed by Atherton & Sanderson (1987) 
based on the work of Mukasa & Tilton (1984) and 
Beckinsale et al. (1985), who thought the ultimate 
source could well be enriched subcontinental litho
sphere. The Cordillera Blanca rocks (tonalite, grano- 
diorite, leucogranodiorite) define a compact group 
with very similar Pb isotope compositions to the 
gabbros, diorites and tonalites of the Lima segment 
of the Coastal Batholith (Fig. 11), which lies in thin 
crust to the west, and to the NVZ (Northern Vol
canic Zone) lavas of the Andes. They do not appear 
to contain an old Precambrian crustal component 
such as the Arequipa massif (Fig. 11, see also oxygen

isotopes). Thus the trend towards low *°*Vbl*<HVb 
observed in CVZ (Central Volcanic Zone) rocks 
between 16* and 18°S, commonly interpreted as a 
mixing between mantle-derived Pb and less radio
genic crustal Pb (Davidson it al., 1991) is not seen in 
the Cordillera Blanca rocks. This may not be sur
prising, as the Precambrian Arequipa massif is now 
not thought to make up lower crust north of Lima 
(Atherton, 1990). Nor do they appear to lie on a 
mixing line between Nazca plate mid-ocean ridge 
basalt (MORB) and Pacific sediments. They are 
enriched in a07Pb relative to MORB and very similar 
to the homogeneous reservoir of Tilton & Barreiro 
(1980) which was the source of plutonic and volcanic 
rocks in central Chile, and which they thought was 
enriched subcontinental lithospheric mantle.

More recent Sr-Nd work on selected batholith 
rocks shows relatively small variations in 87Sr/*6Sr 
(0-7047-0-7057) and ,43Nd/,44Nd (0-5126-0-5125) 
ratios (Petford it al., 1996). The older (16-10 Ma) 
quartz diorites and tonalites define a tight group 
with CpM varying from + 0-2 to a most enriched value 
of-0-2 over a silica range of 14 wt% (Fig. 12). The 
younger (6-5 Ma) leucogranodiorites are less tightly 
grouped and slightly more evolved (mean eNd 
-1-38 ±0-6, max *Nd -2-5) than the quartz diorites- 
tonalites (Fig. 12). However, they are more prim
itive than the baseline CVZ volcanic andesites (Fig. 
12), which Davidson tt al. (1991) considered could 
be partial melts of subcontinental lithospheric 
mantle.

To sum up, the lead data are consistent with a 
source similar to that of the NVZ, i.e. a subduction 
modified mantle with very minor crustal con
tamination (Wilson, 1989), whereas the slightly 
enriched Sr and Nd data compared with the NVZ 
lavas suggest involvement of a young crustal com
ponent in the petrogenesis of the magmas, especially 
the leucogranodiorites, which may have been locally 
derived from the envelope rocks. However, the 
major component is considered to be mantle derived 
(see Mukasa & Tilton, 1984).

CAUSES OF CHEMICAL 
VARIATION IN THE 
BATHOLITH
Although it is clear that the difference in age and 
initial Sr and Nd isotope compositions (Fig. 12) 
preclude the direct derivation of the leuco
granodiorites from the tonalites-quartz diorites the 
major element trends in Harker diagrams show a 
regularity similar to that seen in fractionating 
systems (particularly for the granodiorites, Fig. 4). It

1501



i £ 
§ § 

i i

JOURNAL OF PETROLOGY VOLUME 37 NUMBER 6 DECEMBER 1996

La ppm.

n'W

Ba ppm.

Rb ppm. Sr ppm.
1000-

800-

400-

e

Fig. 7. Marker diagram for selected trace dement contenu of rocks of the Cordillera Blanca Batholitb; symbols as in Fig. 3.
lack of consistent variations (apart from V) in the granodiorite and even more so in the leucogranodiorite.]

[Note the

1502



PETFORD AND ATHERTON CORDILLERA BLANCA BATHOLTTH, PERU

1.4-
A/CNK (d)

--------- ■-----------

1.2-
■ ■

‘S'-type ■ ■
■a ■

i.o-

a «■

0.8- ■ ■■ ■

0.6-

T-type
----------1------------------ 1-------------------

50 60 70 80

SK>2 SIO2

Sr ppm

600-

400-

Yppm

Fig. «. Plou of (a) AljOj, (b) NaaO+ K,0, (c) NajO, (d) A/CNK. (c) Sr and (f) Y, v» SiO, for rock* of the Cordillera Blanca and 
Coaatal Batholith*. (Note the (lightly alkalic nature of the Cordillera Blanca Batholith, its mainly metaluminous nature and the distinct

ive chemical character of the batholith in terms of AljOj, NajO, Sr and Y compared with the Coastal Batholith.)

might be argued therefore that the acid magmas 
fractionated from consanguineous mafic magmas at 
depth (by an AFC process to account for the dif
ference in 87Sr/66Sr). However, field evidence of

subsolidus deformed tonalite and granodiorite 
enclaves within undeformed leucogranodiorites does 
not support the proposition that the leuco- 
granodiorite fractionated from more basic rocks at
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Table 2: REE abundances (p.p.m.) in selected batholith rocks

La Ca Pf Nd Sm Eu Gd Tb DV Yb Lu

*» (L) 21-4 437 4-1 16-7 23 0-61 1 66 0 19 1-2 0-3 0 06

SB4(L) 19 8 42-2 44 16 3 27 0 65 1 39 0-17 08 0-17 0-03

«»(L) 16-7 37-B 4 3 14 3 2-9 047 1-7 0 27 1-6 0-62 0-08

901 (QD) 23 9 •1-1 69 266 69 1 63 3-72 049 3 073 0-13

906(00) 24-1 60-4 7-4 26-3 4-7 1-29 3-1 038 2-3 069 0-12

M(T) 22-3 646 64 252 46 1-2 3 040 1-9 06 0-08

96 (T) 20 67-4 66 21-2 3-3 0-76 2-1 0-22 1-2 043 0-07

•030) 20-B 468 6 19-7 5 1 05 2 54 034 1-9 06 008

L kucogranodiortt*: QD. quartz diorita; T. tonalita. REE datarmination involvad irradiation, radiochemical group separation of REE and y 
spactromatry using a Ga (U) detector, al at Northern Universities Reactor Centre. R is ley Procedure and spectral analysis have been given 
fay DuffMd It Gilmore (1979). AGVI was used as a primary standard and results of the analysis of this standard reference are (literature 
values in parentheses): La 35 (35). Ce 62 (63), Pr 8 (7), Nd 33 (39). Sm 5-2(5 9). Eu 1 -5 (1 -7), Gd 4-0 (5 5),Tb 0-6 (0-7), Dy 3-5 (3 5), 
Ho 0-5 (0-6). Er 1 -3 (1 2). Yb 1 -6 (1 -7). Lu 0-2 (0-3).

Fig. 9. Chondrite-normalised REE plots for rocks of the Cordil
lera Blanca Batholith. Envelopes shown Car quarts diorita and 

tonalita (a * 8) and leucogranodiorita (a = 7).

Diorita

Fi,. 10. Plot of Lajy/Ybjr vs SiOs for rocks of the Cordillera 
Blanca Batholith. Symbols as in Fig. S. Guide lina separate the 
granodiorita (65-70% SiOj). (Contrast the coherent increase in 
Lajv/Yb^in the rocks with SiOx <65% with the incoherent varia

tion in the granodiorita and leucogranodiorita.)

depth represented by these samples (Atherton & 
Sanderson, 1987). Furthermore, on a multielement 
diagram (Fig. 13) there are none of the large ion 
lithophile element (LILE) enhancements or deple
tions seen in similar rocks (~72% Si02) from the 
Coastal Batholith which contain the same major 
mineral phases in similar proportions and which are 
considered to have evolved by crystal fractionation 
from a mafic precursor (Atherton & Plant, 1985; 
Atherton & Sanderson, 1985).

Other evidence, such as the low Rb/Sr in the 
leucogranodiorites (maximum 0-5, average, 0-29)
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compared with > 2 0 in equivalent Coastal Batholith 
rocks which vary consistently with SiO] content 
(Atherton, Fig. 7, 1993), and the lack of an Eu 
anomaly are not consistent with an origin by crystal 
fractionation. The volume of leucogranodiorite 
(> 85% by volume of the batholith: minimum 6000 
kms) is in marked contrast to that of rocks with 
similar SiOj contents in the Coastal Batholith 
(~ 10% by volume, Atherton, 1984), and generation 
by fractionation from basalt would produce an 
amphibole-clinopyroxene-garnet residue (see Fig. 
19 below), for which there is no evidence, of 54 000 
km9 at the site of crystallization (Spulber & 
Rutherford, 1983). Thus there appears to be no 
simple scheme involving fractionation of a dioribc or 
more mafic magma source to form the leuco-

granodiorites of the batholith. Even within the main 
leucogranodiorite facies there is little evidence of 
compositional continuity which would indicate an 
important role for crystal fractionation. Thus there is 
a large spread and no consistent variation in rock 
trace element contents, e.g. REE, Ba and Y, over the 
SiOj range 70-74% (Fig. 7). Furthermore, whole- 
rock Rb-*Sr isotopic data fail to define isochrons, 
which indicated to McCourt (1978) and Mukasa 
(1984) that the leucogranodiorite was made up of 
batch melts from a heterogeneous source.

Oxygen isotopes, deformation and 
magma sources
Oxygen isotopes have proved useful in distinguishing
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magma source regions and assessing the extent of 
crustal involvement and late-stage fluid-rock inter* 
action in granite petrogenesis (Taylor, 1986). In 
general, melts formed directly from the mantle, or 
indirectly by partial melting of unweathered meta* 
basaltic material, will have dlsO values of 5—6%#. In 
granitic rocks derived by partial melting of meta
sedimentary protoliths £l*0 is generally > + 10%# 
[Taylor (1986) and Fig. 14].

The oxygen isotope compositions of 15 quartz and 
mica (biotite and muscovite) mineral separates and 
their host rocks from an ~5 km east-west traverse 
along the Llanganuco section of the batholith into 
the Cordillera Blanca fault zone (Fig. 1), together 
with a further 17 whole rocks (granitic rocks, 
Chicama sediments and metasedimentary xenoliths) 
from the Cordillera Blanca are given in Table 3.

The leucogranodiorite cataclasite 921 is from the 
fault-bounded western margin of the batholith (Fig. 
14). Analyses were made both of quartz grains 
within the cataclasite matrix, and the deformed

matrix itself. X-ray diffraction (XRD) analysis 
shows that the matrix (mean grain size < 100 /zm) is 
made up of quartz and albite, with minor chlorite 
and illite. The deformed leucogranodiorite (918) 
from inside the fault zone contains secondary mus
covite related to deformation and was partially 
mylonitized during and after magma emplacement 
(Petford & Atherton, 1992). The undeformed leuco
granodiorite (879) is from the interior of the batho
lith. A sample of undeformed Yungay ignimbrite 
(889) and a garnet-bearing pegmatite (92) from 
outside the fault margin were analysed for com
parison with the batholith rocks.

The range in isotopic composition of the batholith 
minerals is bracketed by biotite and quartz. In 
general, there is a decrease in £ibO quartz from 
about 4 11 to 4 9‘2%o towards the Cordillera Blanca 
fault (Fig. 14). Similar trends, although not as pro
nounced, are seen in biotite (4 6*1 to 4 5*7%# and 
whole rock (4 9 2 to 4 8-7%#). The cataclasite matrix 
has a slightly lower $l80 value (4 8 2%*) than both
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mineral assemblages.

coexisting quartz and its whole rock (Table 3). The 
pegmatite (92) has elevated £'*0 values by ~l%o 
compared with the bathoiith rocks, consistent with 
the permitted maximum isotopic shift associated 
with magmatic fraction in hydrous granitic melts 
(O’Neil, 1986).

Although the data from the fault traverse are 
limited, they differ from other studies where de
formation and subseouent resetting of oxygen isotope 
ratios led to higher 5 *0 values in the most deformed 
rocks (Cartwright tt al., 1993). The general 
reduction in £**0 values in the bathoiith rocks 
towards the faulted margin of the bathoiith may 
reflect limited interaction between the leuco- 
granodiorites and low <5iaO meteoric fluids either 
during or after emplacement (e.g. Taylor, 1986). 
This interpretation is supported by the higher quartz 
and biotite values in the pegmatite and Yungay 
ignimbrite that lie to the west of the fault zone and 
an identical whole-rock value of +9*2X» for the 
Yungay ignimbrite and the least deformed leuco
granodiorite. Further evidence for interaction 
between the bathoiith rocks and low £iaO meteoric- 
hydrothermal fluids are seen in the low <5iaO whole- 
rock values of + 2-3%o in a sheared xenolith and 
+ 4'lXo in a leucogranodiorite from near the roof of 
the bathoiith (Table 3). Similar values characterize 
meteoric-hydrothermally altered volcanic roof rocks 
from the Yellowstone caldera (Hildreth tt al., 1984).

Equilibration temperatures calculated for mineral 
pairs (O’Neil, 1986), are also shown in Fig. 14 for 
the Cordillera Blanca rocks. Highest estimated tem
peratures of ~950aC occur in the Yungay ignim
brite, with the pegmatite giving a lower value of 
~ 740°C. The high temperature in the Yungay 
ignimbrite places an important constraint on the 
emplacement temperature of the Cordillera Blanca 
bathoiith magmas. Unfortunately, owing to its fine 
grain size, no equilibration temperatures based on 
mineral pairs could be determined for the most 
deformed bathoiith rock (cataclasite). However, the 
subsolidus equilibration temperatures for the unde
formed and deformed and partially recrystallized 
leucogranodiorites in the bathoiith (560-600°C) 
overlap, supporting earlier suggestions based on field 
and textural evidence that most of the deformation 
seen in the bathoiith rocks occurred during and 
shortly after emplacement (Petford & Atherton, 
1992).

Although the oxygen isotopic composition of 
mantle-derived underplate remains obscure, it is 
notable that the range in primary (unaltered) whole- 
rock values for the Cordillera Blanca bathoiith rocks 
overlaps with the majority of ,aO/-aO values 
reported from the western Peninsular Ranges Bath-
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rig. 14. 4,(0%* data for minerab and whole rock* from the 
Cordillera Blanca. In the tower part of the diagram, the rocks 
arc from a 5 km traverse from the undeformed leucogranodiorite 
at the centre of the batbolith westward* to the catadasitc near to 
the western fault. The pegmatite and ignimbrite arc exposed to 
the west. d"0%i ranges for T and 'S’ type granitic rocks are 
after Taylor (1986). The matrix i'*09U is shown for the catadas- 

tic leucogranodiorite.

olith considered to have formed from partial melting 
of a meta-igneous crustal source, probably eclogite 
facies basaltic material (Taylor, 1986). Although the 
oxygen isotope ratios in the more acid Cordillera 
Blanca batholith rocks may well be due to limited 
assimilation of metasedimentary crust (see also 
radiogenic isotope section), similar l80/l60 (and 
,7Sr/**Sr) ratios in granitic rocks of the eastern 
Peninsular Ranges Batholith are attributed mainly 
to changes in composition of the source region 
during partial melting of hydrated basaltic material 
(Taylor, 1986). Thus, relatively high $,aO magmas 
may be produced directly from altered basic (lower- 
crustal) rocks during partial melting without 
recourse to extensive mid-upper-crustal assimilation. 
Certainly, the large difference in <5180 values 
(~+6%*) between the high £,#0 Chicama shales 
means that, unlike many central Andean volcanic 
zone rocks, the batholith magmas have not inter
acted in a major wav either with adjacent country 
rock or similar high '*0/,#0 material (Davidson tt 
a/., 1991) at the level of emplacement.

PER A LUMINOSITY, THE ‘S’ 
TYPE STATUS AND THE 
RELEVANCE OF THE ‘THICK- 
THIN* MODEL TO THE 
DERIVATION OF Na-RICH 
ROCKS OF THE BATHOLITH
The recognition of peraluminous granitic batholiths 
('S’ type) inboard of metaluminous batholiths (T 
type) as exemplified by the Mesozoic plutonic belts

in the western USA, has led to a general model of I- 
S duality in Mesozoic Circum-Pacific plutonism 
(Miller & Bradfish, 1980; Pitcher, 1983). The 
change to an ’S’ type character towards the con
tinental interior was considered to reflect the melting 
of, or major contamination by, thick continental 
crust. Pitcher (1983) considered that the Cordillera 
Blanca Batholith was part of such a duality, i.e. was 
'generally peraluminous ... approaching “S” type 
composition’.

More recently, a similar model had been put 
forward for continental volcanic 'arc’ magmas in 
North Chile (McMillan et al., 1993). Along-arc 
magmas traversing 'thick crust’ have been shown to 
have an enriched composition, specifically in incom
patible trace elements, compared with those tra
versing thin crust. This enrichment has been 
interpreted by workers in the Andes as a reflection of 
an increased continental crust component gained on 
traversing thicker crust (Hildreth & Moorbath, 
1988; McMillan tt al., 1993). The presence of the 
Cordillera Blanca Batholith within thick (>50 km) 
crust inboard of the Coastal Batholith emplaced 
within thin (<25 km) crust (Atherton, 1990) allows 
a critical appraisal of the application of these models 
to plutonism in Peru.

Considering the T’-‘S* model first, Fig. 8 shows A/ 
CNK values for the batholith rocks (range 0-80- 
1-39, mean 0 996, n = 64, SD = 010). Only 19 of the 
rocks analysed have A/CNK>10 and only seven 
have a value >1-10. 'S’ type granites have A/CNK 
values >1*1 (Chappell & White, 1974). Thus the 
Cordillera Blanca Batholith is no more peraluminous 
than T’ type granites which lack peraluminous 
minerals, e.g. Coastal Batholith (Fig. 8). The per
aluminous rocks (A/CNK >1-0) are the deformed 
rocks of the western margin, most of which are mus
covite bearing (Petford & Atherton, 1992).

Muscovite is secondary, and the primary mineral 
assemblage, including hornblende, magnetite and 
sphene, indicates that the deformed facies is a mod
ified T type (Chappell & Stephens, 1988). Lead 
isotope compositions for the undeformed rocks 
support this; they are nearly identical to the related 
metaluminous hornblende-bearing Surco Stock to 
the south which has an A/CNK ratio of 0-86, and 
which could not have originated in old continental 
crust. According to Mukasa (1984), the source was 
‘enriched’ mantle or underplated lower crust (Fig. 
II). Furthermore, i1#0 values of + 4-1 to 9-5%o (Fig. 
14) support an igneous, T’ type, modified source.

The general concept or model whereby remobil
ization of old continental crust progressively increases 
as the locus of magmatism moves inland, away from 
the trench, clearly does not apply to central Peru.
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Table 3: Oxygen isotope data fir Cordillera Blanca rocks

Sample Mineral <51,0 SMOW (%.) Dlatanoe from
fault (km)

Comments

879 Quartz + 10-8 5 Undeformed leucogranodiorfte
Blotft* + 6-1
Mincwhe + 64
Whole-rock + 92

918 Quartz + 10*1 3 Partially deformed muscovite-bearing leucogranodlorite
Bio the + 5-7
Whole-rock + 9 2

921 Quartz + 9-3 0 Cata clastic teueogranodtorha
matrix + 8-2

889 Quartz + 9-4 Yungay ignlmbrte to weal of fault
Bkrttt* + 7*5
Whole-rock + 9*2

92 Quartz +10*1 Peg me tits cutting leucogranodlorite
Muscovite +8*7
Whole-rock +10*1

Wholm-rocJc ctmt*
BttfioOlh rocks
880 (L) + 8*8
884 (L) +4*1
900 (L) +8*1
921 (L) + 8*7
925 (L) + 9*2
915 (L) +9*2
93 (L) +8*5
901 (QD) +8*2
920 (T) + 9-2
918 (P) + 9-5
Mean + 8-1 ±1*7

Swflmantt
891 + 14*1
892 + 1*'4
893 + 14-2
895 + 13-8
98 + 15-4
Mean +14*3±0'68

XmoRths
912 +2-3
913 + 13*3

Mineral oxygen Isotope ratios were determined at the NERC Isotope Geosciences Laboratory (UK) following the oxygen liberation 
technique of Clayton & Mayeda (1963) but utilizing a Cl F3 reagent (Borthwick & Harmon, 1982). Oxygen yields were converted to C02 
by reaction with a platinized graphite rod heated to 675°C by induction furnace and analysed on a Phoenix 390 mass spectrometer. Data 
are given as per mille (%•) derivations relative to SMOW (Standard Mean Ocean Water). Standard sample NBS28 gave an average £1S0 
value of 4- 9*63 ± O' 14%. (n=3, analyst R. Greenwood) during this study. Whole-rock samples determined at SURRC (analyst A Boyce). 
L, leucogranodiorfte; QD, quertz diorite; T, tonalite; P, pegmatite.
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With regard to the thick-thin crust model at con
tinental margins (McMillan «/., 1993), direct 
comparison of the most basic (m parental) magmas 
in the two batholiths is not possible, as only the 
Icucogranodiorite of the Cordillera Blanca Batholith 
formed after the main Miocene thickening, i.e. in 
thick crust. If incompatible trace element abund
ances of rocks with ~72% SiOj, with similar 
assemblages and textures, and which probably 
evolved by similar processes from both batholiths are 
ratioed they should provide information about deep 
crustal or mantle processes. Incompatible trace ele
ments are usually arranged in order of increasing 
compatibility with peridodte, and if the thick-thin 
crust model applied to the Peruvian sector, all 
incompatible elements in the Cordillera Blanca rocks 
would show enrichment, with the exception of Y and 
the HREE. In North Chile, enrichment in ‘thick 
crust’ lavas for elements from Ba to Ti is consistently 
near *2 (McMillan it *1., 1993). In contrast, the 
Cordillera Blanca rocks, which also lie on thick 
crust, show no such enrichment relative to those of 
the Coastal batholith (Fig. 13) within thin crust 
(Atherton, 1990). The enrichment of Sr and 
depletion of the HREE and Y (Fig. 13) are source 
related, i.e. garnet ± amphibole and little or no pla- 
giodase were present in the Cordillera Blanca 
source. The P and Ti peaks are due to either source 
retention or fractional crystallization in the pro
duction of the Coastal Batholith granitic magma.

GENESIS OF THE 
CORDILLERA BLANCA 
BATHOLITH MAGMAS
Chemical characteristics of the 
1 eucogranodiorites
These rocks form a coherent group from 70 to 74% 
SiO], having chemical characteristics very different 
from the Coastal Batholith granites (data in par
entheses), which were derived by a three-stage 
process from a source in the mantle wedge 
(Atherton, 1990):

(1) low HREE, average Yb 0*36 (Ybca average 
199);

(2) high Lajy/Ybjv ratios, >20, no Eu anomaly or 
only a small negative or positive one (La*/Yb*cB 
<20, Eu anomalies common);

(3) high Sr, >300 p.p.m. and Sr/Y generally 
>40 (Srcg average 202; Sr/Yca average 12*4);

(4) Rb/Sr low to moderate, 0*18-0*59; average 
0*29 (Rb/Srca 0*2-2 5);

(5) low Y, < 15 p.p.m. (Ye*, average 17);

(6) low to moderate K/Rb ratios, <400 (K/RbcB 
240-320);

(7) moderately low Ba/La, average 38*5, 26-54 
(Ba/Laca average 81, 34-115), Rb/La average 4*0, 
3*3-6*4 (Rb/Laca average 7*7; 5-11), K/La average 
1169, 894-1603 (K/Lacs average 1859, 113&-2479);

(8) high AljOj, >15% (AI7O3 ca, average
14*6%);

(9) NajO >4*0%, average 4*31% (NajOcs, 
average 3*95);

(10) MgO, FeO, TiOa and CaO low compared 
with the Coastal Batholith (see Fig. 6);

(11) low Sc, <4 p.p.m. (Secs 4-8 p.p.m.); low V, 
<25 p.p.m. (Vci 25-50 p.p.m.).

Many of these characteristics match those of vol
canic rocks considered to be the product of slab 
melting (Stem it ti., 1984; Defant A Drummond, 
1990; Drummond A Defant, 1990; Peacock ft a/., 
1994). A single term adaktte has been used for such 
rocks. Compositions are also similar, particularly in 
trace dement and REE content, to Archaean ktgh- 
A1 trondhjemites (see Drummond A Defant, 1990), 
which have also been ascribed to oceanic slab 
mdting (Martin, 1986).

Chemical characteristics of Bsc tonalites 
and granodiorites
The chemistry of the more basic rocks (< 70% SiOg) 
is less distinctive compared with equivalent rocks of 
the Coastal Batholith; many dements overlap, 
although CaO is lower and Na^O higher, whereas 
AljOs is much the same. However, Sr concentrations 
are higher and Y and Yb values lower (Fig. 8).

Partial melting of a basaltic source
Partial melts of a deep (> 40 km) basaltic source will 
have the high Sr/Y and La/Yb ratios and low Y and 
Yb contents seen in both the leucogranodioritcs and 
the tonalites if both garnet and amphibole but not 
plagiodase are residual in the source. The presence 
of residual amphibole in the more basic magmas is 
indicated by the concave upward form of the REE 
pattern (Fig. 9) as well as the high A1203 and low to 
moderate Rb/Sr and K/Rb ratios. On an La^/Yby vs 
Yb* diagram (after Jahn W «/., 1984; Martin, 1986) 
the Cordillera Blanca rocks lie in the Archaean high- 
A1 TTG (tonalite, trondhjemite, granodiorite) field 
(Fig. 15a), whereas on Sr/Y vs Y diagram (Fig. 15b) 
they plot in the Archaean high-Al TTG fidd. In 
contrast, the Coastal Batholith rocks He entirely in 
the post-Archaean granite or island-arc ADR 
(andesite-daci te-rhyolite) fidd (Fig. 15c).

Trends produced by variable degrees of partial 
mdting of basalt on La_*/Yb* vs Yby (Fig. 15a) and
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on Sr/Y vs Y (Fig. 15b) diagrams have been mod
elled (see Jahn et al., 1984; Martin, 1986; 
Drummond & Defant, 1990). Source compositions 
vary from eclogite (qz/cpx/ga: 15/55/30) to amphi
bolite (hble/plag/bio: 70/25/5) with source REE 
patterns ranging from flat to slightly LREE enriched 
(LaJv/Ybjy=4). The La^y/Yb* and Sr/Y plots (Fig.

♦ Leucogranodiorrte 

o Tonalite

Archaean trondhjemtte-tonalite- 
granodkyrite field

>30% garnet amphibolite

7% garnet amphibolite

(b) 120 ♦ Leucogranodiorrte 

□ Tonalite

Archaean Ngh-Al 
troncftjemite-tonalrte- 

dacrte field□ o!

Andesite-dacite 
rhyolite field

& Coastal Batholith

dacrte-rhyolite field

15) suggest that leucogranodiorite melts could have 
formed from garnet amphibolite to eclogite sources, 
whereas most of the tonalites may have formed from 
a source with less garnet.

Continental crust vs slab source
The critical requirement of the sources of the tonal
ites and leucogranodiorites is that they contained 
garnet and amphibble (with little or no plagioclase) 
in the residue so that partial melts would be high-Al 
types with high Lajy/Yb^- ratios and high Na20 and 
Sr contents. There are two environments in which 
this might occur: (1) subducted oceanic lithosphere; 
(2) lower continental crust (thicker than 40 km). 
With regard to (1), Martin (1986) has maintained 
that Archaean and post-Archaean granitic rocks are 
significantly different; the former related to partial 
melts of a garnet-hornblende source whereas modern 
granitic rocks show no indication of a prominent role 
for either of these minerals. This he considers is a 
direct consequence of the progressive cooling of the 
Earth. Because Archaean oceanic crust was young 
and warm it melted before dehydration, leaving a 
garnet 4 hornblende residue. Modem oceanic crust 
of major ocean basins, being old (average 60 Ma) 
and cold, dehydrates before reaching the solidus of 
hydrated tholeiite, and so is subducted without 
melting (Peacock tt el.t 1994). In this latter 
situation, it is the 'fluid metasomadzed mantle 
wedge’ above the slab that melts to produce the 
magmas, and olivine and pyroxene are the dominant 
residual phases.

Slab meldng has also recendy been put forward to 
explain a group of Cenozoic to Recent high-Al vol
canic arc rocks with similar chemical characteristics 
to the leucogranodiorites, which are apparendy 
restricted to sites similar to those in the Archaean 
where young (<25 Ma), hot oceanic plate subducts

Fig. 15. (a) La*/Yby v» Yb* plot, (bowing Archaean trondhje- 
mite-tonalite-granodiorite (TTG) and post-Archaean granitic 
fields (after Martin, 1986). It should be noted that the leuco
granodiorites and most of the tonaliter-diorites of the Cordillera 
Blanca lie in the Archaean field (TTG). Batch partial melting 
trends from a continental basalt source with mineralogies of eclo
gite, garnet-free amphibolite and amphibolite with 7% and 50% 
garnet are also shown. From this modelling, garnet-bearing 
amphibolite and possibly eclogite sources can account for the 
geochemical characteristics of the granitic rocks. Symbols as in 
Fig. 5. (b) Sr/Y vs Y plot of rocks from the Cordillera Blanca 
Batholith Fields after Drummond ft Defant (1990). Melting 
curves were drawn using batch melting equations and the miner
alogy determined from the REE modelling (see Fig. 18). C| and 
Cg are two source compositions consistent with the REE, Sr and 
Y data, (c) Sr/Y vs Y plot of rocks from the Coastal Batholith 
(Lima segment). These rocks have low Sr/Y ratios and plot in 
the post-Archaean andesitc-dadte-rhyofite field (equivalent to 

the granite field of Martin (1986)].
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(Defmnt & Drummond, 1990). The il&b melting 
model is attractive with respect to the genesis of the 
Cordillera Blanca leucogranodiorites, as subduetion 
has been a major feature of the continental margin 
since at least the Jurassic (Fukao tt a/., 1989), and 
the rocks have characteristics apparently consistent 
with slab melts. However, geophysical, isotopic and 
age data and thermal modelling suggest that partial 
melting of a mafic protolith in the base of the thick 
crust (>40 km) beneath the batholith is more likely 
in this case [a brief discussion has been given by 
Atherton & Petford (1993)].

Here we discuss the two most compelling reasons 
why we consider that lower-crustal melting rather 
than slab melting produced die magmas of the Cor
dillera Blanca Batholith;

(1) Numerical modelling of pressure-tem
perature-time paths of subducting amphibolitic 
oceanic crust indicates that partial melting can only 
occur on subduction of very young (5-10 Ma) 
oceanic lithosphere (Peacock si a/., 1994). Altern
atively, with high rates of shear heating, shear 
stresses >100 MPa must be maintained by rocks 
dose to their melting temperature to cause partial 
melting. This we consider to be implausible, and so 
the age of the subducting slab becomes critical. As 
the Naxca plate at 20-5 Ma was not at the initial 
stage of subduction and was 55 to 65 Ma at the 
trench (Wortel, 1984), it was dearly too old and 
cold for mdting to occur before dehydration.

(2) The thermal structure in subduction zones has 
been much studied, with slab-induced convection an 
important aspect of the models (Peacock, 1991; 
Davies It Bickle, 1991). Local high temperature 
gradients are produced along the slab-wedge 
interface. Various assumptions as to the slab sub
duction angle, etc. place slab melting, if it occurs, in 
the comer of the mantle wedge at ~ 60-70 km depth 
(Peacock *t «/., 1994) but importantly some 80 km 
from the trench, outboard of the main plutonic-vol- 
canic arc, i.e. in the arc-trench gap (Fig. 16, and 
Davies It Stevenson, 1992). In Peru, the reverse is 
the case, the Cordillera Blanca BathoUth lying ~S00 
km inboard of the trench and the volcanic ‘arc* and 
directly above the thickened keel of the Andes. Such 
a geometry is more consistent with derivation from 
hot, newly thickened basaltic crust beneath the 
batholith, but not from the subducted slab,

REE modelling of the butholith
We present here a two-stage model that relates the 
generation of the Cordillera Blanca batholith to the 
dynamic underplating of the Andean crust during 
Miocene times. Stage 1 involves the creation of a

mafic underplate by partial melting of slightly 
enriched upper mantle. In stage 2 this newly 
accreted material is itself partially melted, giving rise 
to the older tonalites and, later after the underplate 
has thickened through the garnet-in transition, the 
more voluminous leucogranodiorites. Thus the evo
lution of the batholith dynamically 'mirrors’ the 
thickening, and formation of the keel of the Andes in 
central Peru.

Stage 1: Generation of the mafic crustal under plate

In the modelling we use a late high-Al, calc-alkaline 
basaltic dyke rock (Table 1) from the Cordillera 
Blanca with an La*/Ybjr value of near four as a 
guide to the composition of the accreted material 
that might form the deep crustal keel. This rock is 
similar to the Eocene—Miocene (14*6 Ma) calc- 
alkaline basalts immediately to the west of the Cor
dillera Blanca fault (Fig. 1), which have values near 
four (Atherton tt at., 1985, table 25.2).

There are two possible sources for basalt magma, 
both of which may occur in the subcontinental 
lithosphere depending on depth: spinel or garnet 
(± spinel) peridotite. Xenoliths of both types 
have REE patterns which are not very dissimilar 
(McDonough A Frey, 1989). Anhydrous fertile 
peridotites with high AljO* and CaO contents tend 
to have Lajv/Ybx ratios near unity or less, whereas 
infertile mantle types with low values of these oxides 
owing to basalt extraction often have enhanced 
LREE, indicating a later, separate enrichment event 
(McDonough A Frey, 1989).

Two end-member type mantle compositions from 
McDonough A Frey (1989) were used in the mod
elling (Fig. 17): an infertile garnet peridotite 
xenolith, with a relatively steep REE pattern (La>/ 
Yby value of 40) and a fertile garnet peridotite 
xenolith with an La*fYby ratio of just over two.

No partial melts (F values 0*01-0*2) could be 
produced from infertile mantle which approximates 
the REE pattern of the late basalt. However, partial 
melting (7-10%) of the fertile mantle source could 
produce a melt similar to the basalt (Fig. 17), and 
this was tested as a probable basalt source in mod
elling partial melting giving rise to the quarts 
diorite-tonalite and the leucogranodioritc.

Stage!' Generation, of batholith magmas

From previous discussions on field and age con
straints, and from the observed trace element and 
REE profiles of the batholith rocks, any proposed 
model for their origin must account for the fol
lowing:

(1) The quartz diorites and tonalites are older
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^AMPHIBOLE CHLORITE 
DECOMPOSITION

Fig. 16. Diafnun showing subduction sone geometry at a continental margin, illustrating the relative positions of a trondhjemite to a 
tonalite (or andesitic) 'arc*. Fluid-absent melting of oceanic lithosphere can only occur during subduction of very young (<5 Ma) 
oceanic crust (Peacock «/ «/., 1994) at temperatures near 750*C and pressures <2 GPa. This places the melting zone near the intersec
tion of the top of the slab with the 750*C isotherm. In contrast, hydrated peridotite formed by addition of slab-derived HjO is dragged 
down to near 110 km where am phi bole and chlorite in a peridotite system break down through nearly pressure-dependent reactions 
(Tatsumi, 1989). It should be noted that amphibole is stable in mantle peridotite at higher /*-T conditions than in the basalt system 
(Tatsumi, 1989). HjO percolates up through the 1000*C geotherm, the solidus temperature of peridotite under the HjO-saturated 
conditions where partial melting occurs. From these mantle wedge magmas tonalitic rocks of most Cordilleran calc-alkali suites are 
ultimately produced (see Davies & Stevenson, 1992). This relative positioning of the Na-rich arc nearer to the trench is the opposite to 
that in Peru, where the Cordillera Blanca Batholith Na-rich rocks arc the youngest and most easterly manifestation of Andean magma-

tism, some 300 km from the trench.

than the leucogranodiorites, and are separated by a 
plu tonic hiatus of ~8 Ma.

(2) The more basic nature of the early quartz 
diorite-tonalite facies requires a higher degree of 
partial melting in the mafic source region than for 
the younger, more acidic leucogranodiorites.

(3) The steepening Lajy/Ybjy- ratios from the 
quartz diorite-tonalite to the leucogranodiorites 
(Fig. 9) requires more garnet in the leuco- 
granodioritic source region, suggesting that the crust 
thickened through the garnet-in transition after the 
generation of the more basic melts (Atherton & 
Petford, 1993).

(4) The LREE contents of the leucogranodiorites 
are similar to or lower than those of the tonalites and 
diorites. Smaller degrees of partial melting of the 
same source would, however, produce greater LREE 
enrichment in the leucogranodiorites than in the 
tonalites. It follows that their source must have been

less enriched in LREE, or a change in the residual 
mineralogy may have been responsible.

(5) High Sr contents in both facies and Sr/Y 
modelling requires low plagioclase content in the 
source (<10*/o) or a more albitic plagioclase which 
would retain little Sr.

Tonalites and quarts diorites
The first melts from the underplate are the older 
quartz diorites, and tonalites, e.g. 901 and 68 with 
55% and 63% SiOj, respectively. These can be 
modelled by relatively high degrees of partial 
melting of the underplated basalt (33-40%) pro
ducing melts with low Lajy/Yby ratios (28*8-21). 
Residues include amphibole, clinopyroxene and low 
to moderate amounts of garnet (Fig. 18). For sim
plification, data in the summary diagram (Fig. 18) 
refer to an average diorite (901) only.
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La Ca

Pig. 17. Mantle melting model Cor the generation of the under- 
plate involves 9V. batch melting of an enriched ( X 2-5) hydrous 
fertile mantle source similar to that proposed by Lopex-Escobar 
tt W. (1979) as a source for the central Chile granitic rocks. This 
produces a melt similar in composition to the Cordillera Blanca 
basaltic andesite 86, and similar to late dykes in the Eocene— 
Miocene lavas to the west. Mantle Ad values arc from Martin 
(1986), aAer Hanson (I960). Residual mineralogy is similar to 
that seen in mantle senobths from the Sierra Nevada Batholith 
(Bateman, 1992), and expected aAer large-scale hydration of the 

lithosphere above subducting slabs (Peacock, 1993).

Rea dual mineralogy 
40% am phi bole 
36% dino pyroxene

6% quartz

La Ce SmEuGd Tb by Yb La

Fig. 18. Batch melting model of garnet amphibolite basaltic 
underplate to produce a typical tonalite. Melt proportions and 
residual phases are comparable with the experimental partial 
melts of amphibolite-cdogite, giving tonalitic melts at 16 kbar 
(Rapp rt al., 1991) although residual am phi bole here is higher 
and garnet lower in amount. [See also the experimental data of 
Sen k. Dunn (1994) at 1-5 GPa, where residua] amphibolc is 
similar in amount.] Mineral-melt distribution coefficients for 
plagiodase, garnet, amphibolc, dinopyroxcnc, magnetite and 
ilmenite from the compilation of Martin (1987); quartz and 

K-fddspar from Nash ft Crecraft (1985).

Leucogranodiorites

As the leucogranodiorites have LREE similar to, or 
lower than, the tonalites and diorites (Fig. 9), lower 
degrees of partial melting of the same source pro
duced model liquid compositions with LREE 
enrichments far greater than those observed. 
Changes in melt fraction have little effect. Neither 
does the source mineralogy, as lower-crustal LREE 
Kn values for clinopyroxene and garnet are not very 
different, so the change from a dominantly clino- 
pyroxene (4- amphibolc) to a dominantly garnet 
(4-amphibolc 4-clinopyroxene) residue as indicated 
in the Sr/Y vs Y modelling should not significantly 
reduce the LREE enrichment for smaller partial 
melts. The LREE abundances in the source region 
must therefore be lower than those of the older 
tonalites. Furthermore, the lower HREE abundances

in the leucogranodiorites indicate more residual 
garnet in the source. Thus, the leucogranodiorite can 
be modelled by l&-20% partial melting of a mafic 
source slightly depleted in LREE, relative to the 
source of the older tonalites, leaving residues of 35 
and 25% garnet, plus amphibolc and clinopyroxene. 
Modelled profiles are similar to those of the two 
rocks defining the envelope of the leucogranodiorites 
(see Fig. 9). For simplification, the summary 
diagram (Fig. 19) refers to the most evolved leuco
granodiorite. The residual mineralogy is compatible 
with the Sr/Y modelling and is not very different 
from the results of Martin (1987) for similar 
Archaean high-Na rocks from Finland.

On an Sr/Y vs Y (Fig. 15b) the tonalites-quartz 
diorites lie to the right of the leucogranodiorites with 
a very similar range in Sr/Y ratios but higher Y 
values. Modelling of partial melting trends clearly
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Residual mineralogy

17% efi no pyroxene

1% K-(

1% quartz

Yb La

La Ca Nd Sm Eu Qd Tb Dy Er

Fig. 19. Batch melting model of garnet amphibolite underplate to 
produce the most HREE depleted ieucogranodiorite. Melt propor- 
dona and residual phaaea are comparable with experimental 
partial melo of amphibolitic edogite which are Na rich at >16 
kbar (Rapp »<«/. 1991) although, again, the more hydroui nature 
of the residue means amphibole exceeds dinopyroxene. [See Sen & 
Dunn (1994) for experimental data on araphibole-rich residues.] 

Mineral—mdt distribution coefficients as in Fig. 19.

shows this relates to sources with higher Sr contents 
than those of the Ieucogranodiorite (Fig. 15b). Using 
the parameters determined from the REE modelling 
and the Sr and Y data, the source of the tonalites- 
quartz diorites had an Sr content of 351-364 p.p.m. 
and a Y content of 25-31 p.p.m., whereas the leuco- 
granodiorite source had an Sr content of 99-132 
p.p.m. and a Y content of 26-30 p.p.m.

EXPERIMENTAL STUDIES
As interstitial pore fluid is unlikely to be present in 
the lower crust, partial melting is considered to 
occur in fluid-absent conditions. Consequently, 
experimental studies, post-1990, have concentrated 
on the melting behaviour of hydrous rocks across a 
broad range of temperature and fluid saturation at 
pressures equivalent to the lower crust or deeper in 
subducted slab. Low melt fraction liquid composi
tions relevant to the Cordillera Blanca magmas have

been determined for amphibolite, garnet amphi
bolite and eclogite sources (Beard Sc Lofgren, 1991; 
Rapp et al.t 1991; Van der Laan & Wyllie, 1992; 
Rushmer, 1993; Sen & Dunn, 1994; Rapp Sc 
Watson, 1995). Thus partial melting of mafic crust 
with the mineralogies given above has been proposed 
as a common mechanism for the large-scale pro
duction of tonalitic continental crust magmas, as 
well as the high-Na magmas (TTG) of the 
Archaean. These magmas can be distinguished from 
post-Archaean magmas by their strongly fraction
ated REE patterns and depleted HREE (Martin, 
1987), reflecting the presence of garnet and/or 
amphibole as important residual phases in the source 
(Arth et al., 1978). The liquids produced in the 
experiments are broadly similar to Archaean TTG 
rocks and some more recent ‘arc’ magmas including 
those of the Cordillera Blanca (Fig. 5, Sen & Dunn, 
1994; Rapp Sc Watson, 1995). Residues formed 
during the experimental studies for fluid-absent 
melting and water-undersaturated melting to 1-2 
GPa include amphibole, clinopyroxene, garnet and 
plagioclase. These are similar to assemblages found 
in lower-crustal xenoliths from a variety of areas 
(Toft et al., 1989; Rushmer, 1993; Rapp Sc Watson, 
1995). Partial melting of such mafic rocks occurs by 
a few important peritectic reactions (Rapp & 
Waton, 1995). Garnet forms by the breakdown of 
amphibole plus plagioclase under fluid absent condi
tions at pressures of 12-18 kbar:

amph + plag ± qtz = garnet + cpx + melt + new 
plagioclase (albitic).

At the bulk compositions of these experiments 
(Rushmer, 1993) amphibole remains stable with 
garnet up to at least 15 kbar. At higher pressure (up 
to ~22 kbar) plagioclase and amphibole are de
stabilized as garnet and clinopyroxene are stabilized 
to eclogidc assemblages. The presence of garnet in 
the experimental studies at pressures from 12 to 18 
kbar has a major impact on melt composition, 
causing an increase of Si and decrease in Fe, Mg, Ti 
and Ca, and the production of a high-Al type char
acter (Rushmer, 1993). These are precisely the 
characteristics noted in the leucogranodiorites of the 
Cordillera Blanca Batholith compared with 
equivalent rocks of the Coastal Batholith (Fig. 6), 
where the mafic parental magmas were generated by 
partial melting of spinel peridotite within the mantle 
wedge (Atherton Sc Sanderson, 1985). For less acidic 
compositions (<70% SiOj) these rather subtle dis
tinctions are less clear, indicating that the leuco- 
granite magmas mark the incoming of significant 
residual garnet in the source.
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GEOPHYSICAL 
CONSEQUENCES OF REE 
MODELLING
Using the mineral proportions of the residues 
obtained from the REE modelling, it is possible to 
estimate the physical properties of the source of the 
Cordillera Blanca magmas, and to compare these 
estimates with measured geophysical properties of 
the lower crust. The residues for both quartz 
diorites-tonalites and leucogranodiorites are made 
up mostly of clinopyroxene, &m phi bole and garnet, 
in varying proportions with minor quartz and 
feldspar (Figs 18 and 19). Estimated densities [using 
pressure corrected values from Christensen (1982)] 
of the solid residues range from ~2-95 g/cms for the 
tonalite source to 3*01 g/cm9 for the leuco- 
granodiorite source, the latter (higher) value 
reflecting the greater amount of garnet. These values 
are close to the measured value of 3*0 g/cm9 for the 
mid to lower crust (James, 1971; Fukao *t mi., 1989, 
and fig, 2), The seismic velocity of the residue can 
be estimated from measured P- and S-wave velocities 
for individual minerals (Toft *t ml., 1989; Rushmer, 
1993). When expressed in terms of Poisson's ratio, 
our estimated values of 0*26 for the quartz diorite- 
tonalite residue and 0*27 for the leucogranodiorite 
residue compare favourably with measured lower- 
crustal values of ~0*29 (James, 1971).

Seismic velocities (Kp) of mantle-derived mafic 
underplate have been estimated at between 7*0 and 
8* 1 km/s, depending upon chemical composition and 
thermal structure (Furlong & Fountain, 1986). The 
relatively low measured P-wave velocities beneath 
central—northern Peru of between ~6*S and 7*0 km/s 
(James, 1971) support the earlier proposition of 
crust that is mafic, relatively dense and very hot

DISCUSSION
In our model for the evolution of the magmas of the 
Cordillera Blanca Batholith the source changed with 
time from that producing the early quartz diorites 
and tonalites of the western and southern margins 
(14—10 Ma) to one producing the leucogranodiorites 
at "-6-5 Ma. The later magmas left residues with 
more garnet than the earlier magmas, indicating 
that the source deepened over this period and the 
well-documented rapid uplift over the period 26-5 
Ma (with very rapid uplift from 14 to 5 Ma; Sebrier 
tt mi., 1988) was caused by the crustal thickening 
over this period. Thus the intrusion of the batholith 
closely followed crustal thickening. Kono tt ml. 
(1989), from geophysical and geological evidence, 
considered that the crustal thickening in the Western

Cordillera was essentially by magmatic addition. 
Their model, which contains elements of earlier 
models, e.g. those of James (1971) and Suarez it mi. 
(1983), envisaged a partitioning of the deformation 
so that tectonic thickening dominated in the Eastern 
Cordillera, whereas magma accretion dominated in 
the Western Cordillera. However, magmatism was 
not confined to the western Andes, as shown by the 
extensive volcanism across the Altiplano. A similar 
continuous, dual model for crustal thickening for the 
South Central Andes (~21"S) has recently been put 
forward by Schmitz (1994).

Over the period 26-6 Ma plate convergence was 
shallow (10-30*) and fast, ~IOcm/yr (Pilger, 1984). 
This would generate magma across a wide zone from 
a mantle which was undergoing marked secondary 
convection and large-scale hydration producing 
amphibole, etc. (Tatsumi, 1989; Peacock, 1993). 
This is important in replenishment of the mantle 
wedge (Thorpe tt ml., 1981) as well as promoting 
partial melting (Davies k. Bickle, 1991). Such a 
process could also be effective in transporting litho
spheric material from the internal parts of the con
tinent Kono tt ml. (1989) considered that magma 
generated under these conditions was responsible for 
the crustal thickening.

The amount of material needed to produce the 
thickening over the period 25-5 Ma by this method 
alone is large (see Kono tt ml., 1989; Petford tt ml., 
1996). However, two aspects of the problem are 
relevant. First, assessments of the magmatic addition 
to crust have commonly used volumes of volcanic 
and plutonic rocks seen at the surface [see Kono tt ml. 
(1989) for a review]. This is likely to be an under
estimate, and could be grossly wrong if we consider 
that mantle-derived magmas may well be arrested at 
major density interfaces, especially at convergent 
margins (Herzberg it ml., 1983). Indeed, the notable 
absence of any basaltic-andesitic syn- or late-plu- 
tonic dykes (in contrast to the Coastal Batholith) 
and the large, essentially granitic batholith, as well 
as the strong Oligo-Miocene volcanism (Sebrier tt 
ml., 1988) associated with MASH (melting, assim
ilation, storage, homogenization; Hildreth & 
Moorbath, 1988) processes at depth have been used 
to infer, from thermal arguments, major basalt 
stalling in the deep crust.

Second, there is strong evidence today for the 
anomalous thermal state of the crust in Peru. A 
striking feature of the James (1971) model is the low 
shear velocity in the upper mantle beneath the 
Andes (4*25-4*30 km/s). Hot upper mantle in this 
zone is in accordance with the high electrical con
ductivity zone (0*1 S/m) following the mountain 
range just to the south of the Cordillera Blanca
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(Schmucker, 1969). It lies ~50 km below the 
present surface and may be correlated with a low- 
velocity zone (Ocola & Meyer, 1972) below 40 km. 
Conductivity values are similar to those in the Basin 
and Range province of North America, which Bott 
(1982) thought likely to be a melt fraction in highly 
conducting rock. Aqueous fluids are ruled out at 
these depths. A hot crust above the hot upper mantle 
is indicated by the high heat flow measurements 
across this zone and the Altiplano ^Q-flO^C/km, 
Uyeda & Watanabe, 1970), and active thermal 
springs along the line of the Cordillera Blanca fault 
system.

The conjunction of rapid uplift, extension, rapid 
heating of the lower crust, increased magmatism 
over the period 26-5 Ma and the extensional col
lapse is consistent with some form of delamination or 
'catastrophic’ mechanical thinning of the lithosphere 
beneath the Western Cordillera [see Dewey (1988), 
who considered only three places world wide, of 
which the Andes is one, where delamination is 
occurring]. It is also consistent with the undefined 
Moho in the Western Cordillera further south at 21- 
24°S (Schmitz, 1994). Isostatic uplift is generated 
when hot, less dense asthenosphere replaces cold, 
dense lithosphere. This results in basaltic accretion 
in the lower crust generated by decompression 
partial melting of asthenosphere (Nelson, 1992), fol
lowed by considerable lower-crustal fluid-absent 
melting. Under such lithospheric regimes up to 25 
km of basaltic material may be accreted, by under- 
plating, to the crust (Furlong & Fountain, 1986), In 
the region northeast of Lima, where the crust is ~ 55 
km thick, the magmatic addition would be <^20 km, 
assuming a pre-26 Ma crust of 35 km.

According to Pilger (1984) and Wortel (1984), 
slab dip in Northern Peru progressively shallowed 
from at '^'25 Ma to 10° today. This would
account for the lithospheric erosion indicated by the 
uplift, etc. Melts from a dynamically thickening 
crust should show a sequence indicating the 
incoming of garnet and the disappearance of plagio- 
clase as a residual phase. Diagnostic trace element 
signatures of delamination-related magmas in thick 
continental crust (Kay & Kay, 1991), high Lajy/Yby 
and Sr/Y ratios, and the lack of a negative Eu 
anomaly mirror this process and are characteristic of 
the rocks of the Cordillera Blanca.

Thus we envisage that the dynamic evolution of 
magma type relates to the building of the thick 
crustal keel. Underplated mafic magmas from ~25 
Ma or earlier produced the proto keel of the Western 
Andes. Continued accretion, possibly with a com
ponent of magmatic over-accretion, i.e. magma 
piercing the Moho to form a layered lower crust,

would displace the new root down through garnet-in 
to finally produce the garnetiferous rocks at pressures 
at depths of >40 km, at the base of the crust. Over 
the period 19-3 Ma major plate movement occurred, 
which produced strike slip, transtensional structures 
of crustal dimensions, i.e. the Cordillera Blanca fault 
system (Petford & Atherton, 1992), which tapped 
basic magmas at 14 Ma and ~ 10-9 Ma, and finally 
Na-rich granitic magmas at ~6-5 Ma in the 
thickened, garnetiferous deep crust (>50 km) (Fig, 
20). In this model we envisage little residence time of 
the basaltic material in the crust before partial 
melting. This is compatible with the isotopic data, 
which are indistinguishable from the mantle 
reservoir defined by Tilton & Barreiro (1980) in 
central Chile.

The rocks of the Cordillera Blanca are in many 
respects similar to Archaean trondhjemites, but we 
maintain here that the source is not subducted 
ocean crust as suggested by Martin (1987). Magmas 
with apparent ‘Archaean’ chemical signatures can 
be produced in a post-Archaean setting in deep 
crust (~50 km) where garnet and amphibole are 
stable. Thus in Peru Na-rich rocks of the Cordillera 
Blanca Batholith occur over thick crust and inboard 
of the more common tonalite-granodiorite-granite 
suites of the Coastal Batholith lying over thin crust. 
The magmas formed from newly underplated 
material by a multistage process which involved the 
production of hydrous basalt from the hydrated 
mantle wedge (Peacock, 1993), which was quickly 
melted after the formation of an underplate to form 
the Cordillera Blanca Na-rich suite. The Cordillera 
Blanca Batholith is not ‘S’ type as previously sug
gested; peraluminosity is slight and related to high- 
level deformation. It is a modified T type and 
differs in chemistry, isotopic composition and pro
portion of acid (>70% SiOj) material from the 
Coastal Batholith, which lies nearer the continental 
margin. Simplified models of granitic belts are not 
useful in modelling circum-Pacific belt magmatism. 
Sources may be in ‘thick’ or ‘thin’ crust and vary in 
time as well as in space, laterally and longitudinally 
within the Andean belt. Continental margin bath- 
oliths are dynamically related to major crustal 
events such as rifting in the case of die Coastal 
Batholith (Atherton, 1990) or magmatic accretion 
and uplift in the case of the Cordillera Blanca. 
There is no simple, common pattern at Pacific con
tinental margins.
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Fractal analysis in granitoid petrology: 
a means of quantifying irregular grain morphologies
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Abstract: Digitised outlines of a serially sectioned K-feldspar grain from a Cordilleran granitoid have been 
analysed for their fractal dimension. Although the grain boundary outlines are not truly fractal in the sense of 
Mandlebrot (1982), they do show a self-similarity over a statistically definable range, and can thus be assigned 
a dimensional value between 1 and 2. Each grain section has fractal dimension (D) > 1, ranging from 
1.21—1.30. Scatter within the data sets have been used to define separate (pseudo)fractal elements that further 
characterise each grain outline. The development of fractal geometries within a particular granitoid can be 
broadly related to crystallisation within Ab-An-Or-Qz space. For example, Cordilleran T-type granitoids that 
crystallise from An-rich liquids may be expected to show both Euclidean and fractal geometries, while 
minimum melts and ‘S’-type granites drat crystallise in broadly eutectic proportions will have textures dom
inated by (pseudo)fractal grain outlines. The non-integer values that describe grain shape may also be useful 
in estimating the total gram (porosity) volume within the rock.

Key-words: fractals, grain shape, texture, porosity, granodiorite.

Introduction

The description and quantification of grain form 
has been almost entirely confined to sedimento- 
logical studies, where a knowledge of particle 
shape can provide useful information about the 
processes involved in rock formation (e.g. Sneed 
& Folk, 1958; Friedman, 1979). In contrast, stud
ies involving the shape analysis of grains in 
plutonic rocks have been hampered by tire lack 
of any rigorous quantitative description of mineral 
shape available to igneous petrologists. Although 
some progress has been made over the past few 
years towards understanding and quantifying tex
tures in basic plutonic and metamorphic rocks 
(Hunter, 1987; Cheadle, 1989; Wheeler, 1991), 
little progress has been made towards quantifying 
granitoid textures. The generally poorly equilib
rated nature of acid plutonic rocks and high resid
ual melt contents compared to their basic coun- 
terparts makes measurements of dihedral angles 
and grain boundary curvature (both used to pro
duce quantifiable data in basic rocks) difficult in

natural granitoid rocks, although dihedral angles 
of between 40-60° have been reported in experi
mental studies (Jurewicz & Watson, 1985). 
Clearly, in order to identify common processes 
that may occur during textural development in 
igneous rocks across the compositional spectrum, 
a complementary way must be found of quantify
ing textures in granit-oid rocks.

We present here the initial results of an on
going study to quantify the parameters that govern 
the textural development of igneous rocks. We 
show how the fractal analysis of digitised K-feld
spar crystals can provide a simple quantitative de
scription of irregular mineral shape, a fundamen
tal variable in rock texture, and discuss the wider 
implications of grain shape analysis for textural 
studies of granitoid rocks.

Fractal analysis
Fractals have become something of a buzz-word 
in recent years, fueled by the realisation that many
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natural phenomena show fractal behaviour. Re
cent examples from the geological literature in
clude the distribution of stress and strength in 
seismically active fault zones (Huang & Turcotte, 
1988), the quantification of fracture patterns in 
subducting slabs (Dubois & Nouaili, 1989), and 
the analysis of faults and fault populations (Childs 
ei al, 1990), along with the now widely popu
larised fractal geometries seen in coastlines and 
rivers.

Fractal morphologies in rapidly quenched 
basic igneous rocks include spinifex- and spheru- 
litic textures, which show (due to formation at 
temperatures well below thermodynamic equi
librium), a remarkable degree of self-organisation 
(Fowler, 1990). Although similar studies of 
coarse-grained, slowly cooled granitoid textures 
are lacking, the fractal methods first used by Or- 
ford & Whalley (1983) to quantify the outlines of 
irregular sedimentary grains are equally applic
able to irregular mineral textures in igneous rocks.

One advantage of fractal analysis over other 
mathematical techniques for quantifying irregular 
geometries, such as Fourier analysis (Clarke, 
1981), is the relative numerical simplicity of the 
technique. The concept of fractal form, introduced 
by Mandlebrot (1967), states that an object with 
a fractal geometry will have a fractal dimension 
(or Hausdorff-Besicovitch dimension, D), that lies 
between the familiar Euclidean topological di
mensions 1, 2 and 3. In the jargon, a fractal form 
will have a non-integral dimension between 1 and 
2. An important feature of fractal geometry is that 
small parts of the object are similar at progres
sively larger levels. This is known as ‘self-sim
ilarity’, and represents a fundamental scaling 
property of the fractal form.

Method of analysis

Although various ways exist of measuring fractal 
dimensions, the method used in this study was 
chosen for its simplicity and is known as the 
divider or structured walk method (Longley & 
Battey, 1989, for a review). Firstly, three video- 
digitised images of a K-feldspar grain from a Pe
ruvian granodiorite, obtained from oriented serial 
sections cut at a spacing of 300 micrometers 
through a block with a base of 2 cm2 were arbit
rarily divided into step intervals (S) of 2.0 mm. 
The parameter length (P) around each grain was 
then estimated by multiplying the number of in
crements (N) by a chosen interval distance of

2.0 mm, i.e. P = (N)S. Starting with this initial 
estimate of P, successive estimates of parameter 
length were calculated over 14 successive step in
tervals of 2+2 (Table 1). Essentially, the larger, 
the step length, the smaller the estimated parame
ter length becomes. This relationship between P 
and S, now known as the Steinhaus paradox, was 
first noted in the unpublished work of Ri
chardson on the morphology of coastlines, and is 
a frequently used method of fractal analysis of 
irregular forms.

A plot of log10P versus log10S will form a 
straight line relationship defined by the inverse 
linear function:

log P = log a + (1- D) log S (1)

where the slope -b is proportional to the fractal 
dimension (D) of the form under investigation. 
Simple linear regression of the data points was 
used to obtain 1-D. Values of D that fall between 
1 and 2 are non-Euclidean, and thus may be re
garded as fractal. The data used to calculate D are 
shown in Table 1.

Fractals and pseudofractals

In his original definition of fractal form, Mandle
brot (1967) states that only objects that are self- 
similar over the entire observational range (i.e.

Table 1. Data obtained via the divider method for grain 
outlines a, b and c. The results were used to construct the 
Richardson plots a, b and c. D = fractal dimension, r = 
correlation coefficient, h and 12 are the minimum and 
maximum length scales.

s logS logP(a) IogP(b) logP(c)

2 00 0.30 2.73 2.63 2.49
4 0.60 2.59 2.53 2.40
6 0.78 2.58 2.53 2.41
8 0.90 2.58 2.47 2.38
10 1.00 2.54 2.42 2.40
12 1.08 2.52 2.45 2.33
14 1.15 2.49 2.44 2.29
16 1.20 2.45 2.40 2.10
18 1.25 2.45 2.43 2.29
20 1.30 2.41 2.44 2.30
22 1.34 2.42 2.38 2.24
24 1.38 2.42 2.41 2.22
26 1.41 2.41 2.40 2.19
28 (k) 1.45 2.35 2.34 2.14

Dj = 1.31 1.21 1.30
r = 0.97 0.94 0.91
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those characterised by a single fractal dimension), 
are truly fractal. However, Kaye (1978) and Or- 
ford & Whalley (1983) have pointed out that for 
many analysed forms, self-similarity is not main
tained across the observational range, and that in 
practice many Richardson plots appear to show 
two or more linear elements. These authors con
sidered each individual gradient to represent a 
separate fractal element within the overall ‘total’ 
fractal dimension (DT). These multiple fractal ele
ments are referred to as the textural fractal and 
the structural fractal. The textural fractal (Dt) is 
controlled by the fine ‘edge-detail’ of the form, 
while the structural fractal (Ds) corresponds to the 
overall macro-scale shape of the form (Fig. 1).

Results
Fig. 2 shows the three digitised grain outlines, 
along with their associated log-log graphs ob
tained using the divider method. Also shown are 
their corresponding textural and structural fractal 
dimensions. As a group, the regressed data points 
define ‘total’ fractal values (DT) that range from 
1.21 to 1.30. Generally, the higher the fractal di
mension (i.e. as D-»2), the more irregular or 
space-filling the grain outline. Given the available 
data points, each grain outline can be described 
by a textural and structural fractal component (Or- 
ford & Whalley, 1983). These were calculated by 
dividing the data points arbitrarily at their point 
of inflection (Tr in Fig. 1), and regressing the data.

The advantage of serial sectioning is that dig
itised grain outlines can be generated and an
alysed in the third dimension. Fig. 2 shows how 
the various (pseudo)fractal elements for the sec
tions a (core), b (transition) and c (rim) change 
through the K-feldspar grain. In three dimensions, 
the structural fractal dimension (Ds) for each 
image is consistently higher than either the total 
(Dx) or textural (Dt) fractal dimension. This re
flects the dominance of the macro-shape of the 
grain over the small-scale variation within the dig
itised outlines. The data also suggest that Ds in
creases from core (Ds a =1.42) to rim (Ds c = 
1.55) in the grain, while Dt decreases from 1.24 
in a to 1.13 in c. The antithetic variation between 
Dt and Ds is not yet understood. However, as the 
grain is getting volumetrically smaller from ac, 
the various fractal dimensions may somehow be 
sensitive to changing volume/surface area. More 
data from a wider variety of grain shapes is 
needed to explain this behaviour.

Although the grain outlines are not truly frac-

TEXTURAL
.FRACTAL

STRUCTURAL 
. FRACTAL

log STEP (S)

Fig. 1. Richardson plot showing multiple structural and 
textural fractal elements. Both the textural and structural 
elements have discrete fractal dimensions Dt and Ds. Tr 
marks the boundary between the textural and structural 
domains. (From Orford & Whalley, 1983.)

tal in the original sense of Mandlebrot, they do 
possess a self similarity over a range of length 
scales defined by the interval 1, (min)/l2(max). 
FollowingOrford & Whalley (1983), such forms 
are best described as pseudo fractal.

Discussion

Fractals and the system Ab-An-0r-Qz(-H20)

As well as just trying to quantify the irregular 
nature of the K-feldspar outlines, it is obviously 
important to know if the changing fractal dimen
sions described above can tell us anything about 
processes. One advantage of fractal analysis in ig
neous systems is that irregular, and hence poten
tially fractal grain form can be related directly to 
the process of crystallisation. The reason the K- 
feldspar images are so irregular is because the 
grain was constrained to grow relatively late in 
the crystallisation history of the granodiorite. The 
shape of the grain is thus controlled by the pres
ence of earlier crystals, essentially plagio- 
clase, biotite and hornblende and in the sense of 
classical petrography is thus interstitial and anhe- 
dral. This change towards greater irregularity in 
grain morphology as crystallisation progresses can 
also be thought of in general terms as a Euclidean- 
fractal transition.

How such a transition can occur in liquids 
that have undergone a constant degree of super
cooling is shown conceptually in Fig. 3, using the 
familiar Ab-An-Or-Qz tetrahedron. In sequence 1,
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(a) CORE

2.6 _

2.4-

Dt - 1.302.2-
Dt - 1.24
Ds - 1.42

.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Log S

(b) TRANSITION

Log S

(c) RIM

Fig. 2. Richardson plots for dig
itised outlines a (core), b (transi
tion) and c (rim) from a serially 
sectioned K-feldspar grain. All the 
outlines have a fractal dimension 
(Dr), defined by the gradient of 
the regressed slope -b = 1.0-D. 
The data points can be broken 
down into a textural (Dt) and 
structural (Ds) fractal component, 
characterised by differing fractal 
dimensions. Note that in all cases, 
the structural fractal is numeri
cally greater than the textural frac
tal, reflecting the dominance of 
macro-grain shape over the fine 
edge detail of the grain outlines.

early plagioclase grains crystallise high in the 
plagioclase volume to form euhedral (essentially 
Euclidean) crystal geometries. Continued cooling 
and crystallisation will build up a framework con
sisting mainly of plagioclase (although horn
blende, not represented on this diagram, may also 
be crystallising) as the liquid moves towards 
either the quartz or K-feldspar surface. Regardless 
of whether the melt intersects first the quartz or 
K-feldspar divariant surface, two phases, and 
shortly three as the quaternary cotectic is reached, 
will be crystallising, with the newly crystallising

grain geometries becoming ever more constrained 
by earlier crystals. At some point, on the way to 
the granite minimum (M), grain geometry will 
pass from being mostly Euclidean to mostly frac
tal. The final rock texture would be characterised 
by a recognisable population of early framework 
plagioclase crystals (euhedral and Euclidean) and 
late population of K-feldspar ± quartz (anhedral 
and fractal). Such textures are characteristic of 
many Cordilleran T-type granitoids that start 
crystallising high in the plagioclase volume (Pres- 
nall & Bateman, 1973; Atherton, 1988).
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An

SEQUENCE ©

SEQUENCE ®

Fig. 3. Ab-An-Or-Qz tetrahedron showing two possible 
crystallisation sequences. Sequence 1, starting relatively 
high in the plagioclase volume, would produce a final 
rock texture characterised by a population of early euhe- 
dral (Euclidean) plagioclase, and relatively late K-feld- 
spar and quartz with pedominantly fractal geometries. 
Sequence 2 starts low in the plagioclase volume, and 
thus does not have a protracted plagioclase crystal
lisation interval. The resultant rock texture may therefore 
contain a higher proportion of fractal geometries.

Sequence 2 (Fig. 3) shows how a melt crys
tallising low down in the plagioclase volume 
would soon intersect a two phase divarient surface 
(in this case K-feldspar) and thus not have time 
to develop the protracted framework forming in
terval seen in sequence 1. Instead, the crystal
lisation of several phases more-or-less simul
taneously as the melt moves towards M should 
result in a higher proportion of (pseudo)fractal / 
Euclidean geometries in the final rock texture. 
These textures are commonly found in so-called 
minimum melt and ‘S’-type granites.

This discussion is speculative, as no data base 
currently exists for grain geometries that 
have undergone different crystallisation histories. 
The crystallisation sequences 1 and 2 in Fig. 3 are 
stylized, even naive, in their treatment of textural 
development. However, we feel they do represent 
a testable hypothesis, and as such a possible way 
of investigating the extent of (pseudo)fractal be
haviour in granitic systems.

Fractal porosity

The concept of fractal porosity has been recently 
investigated (Katz & Thompson, 1985), where

backscatted SEM images from a variety of porous 
sandstones show individual pore spaces to be self
similar over 3 to 4 orders of magnitude. Fractal 
behaviour is indicated by a power law relation
ship, with each pore space defined by a lower and 
upper cut off (1, and 12), and can be empirically 
related to rock porosity (4)) by

<j> = (l./l2)3-D (2)
where 3-D is the fractal volume of the pore space. 
This relationship has been used by Katz & 
Thompson (1985) to provide estimates of sand
stone porosities that agree well with measured 
values from the same rocks, although they give 
no firm reason for this postulated relationship. 
Similar work by Krohn (1988 a, 1988b) has 
shown that pore volume distributions in shales 
and carbonates exhibit a fractal behaviour ap
parently governed by the growth of cements and 
minerals into the pore volume.

Given that the K-feldspar grain may in a 
crude sense define a residual liquid in the crys
tallising Ab-An-Or-Qz system (Atherton, 1981; 
Petford, 1993), albeit modified by late-stage over
growths, Eqn. 2 can be used to calculate the 
porosity represented by the grain. Taking the 
value of 3-Dt for each serial section and given 
that 11/12~0.07 (Table 1), substituting into (2) 
gives an average (f) of approximately 20%. The 
implication here is that DT is in some way related 
to the fraction of liquid (porosity) present in the 
system prior to K-feldspar crystallisation. Al
though the exact relationship between porosity 
and fractal dimension has been questioned by 
Roberts (1986), it does in this case appear to pro
vide a general description of grain volume.

Summary

Fractal analysis of irregular shape outline can be 
used to quantify textures in poorly equilibrated 
plutonic rocks. Initial results, in keeping with ear
lier studies of sedimentary grain outlines, implies 
that several fractal elements can be used to de
scribe the grain forms, and that the term pseudo
fractal is more appropriate to such geometries 
which only display self-similarity over a finite 
length scale. Used in this way, the fractal method 
of analysis can provide quantitative data on grain 
shape. Phase petrological arguments based on the 
Ab-An-Or-Qz system imply that An-rich liquid 
compositions (e.g. Cordilleran T’-type granitoids) 
will show both Euclidean and (pseudo)fractal
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geometries in their textures, while minimum melts 
and some ‘S’-type granites that begin their crys
tallisation sequence low in the plagioclase volume 
will have predominantly pseudofractal textures. 
Finally, the postulated relationship between poros
ity and fractal dimension may be of use in quan
tifying grain volumes in granitoid rocks.
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Abstract: Geochemical investigations of microdioritic enclaves in acid plutoris have shown that extensive chemical 
and isotopic exchange can occur between enclave and host magma. Although some estimates of the rates of 
chemical exchange have been established, most of these models assume that diffusion is the mechanism of elemen
tal transport and exchange. We present here a simple physical model for chemical exchange between host magma 
and enclave where melt infiltration and advection are the dominant transport mechanisms. For this to happen, the 
enclave itself must be incompletely crystallised and thus open to advective exchange with the host magma. Using 
serial sectioning techniques we show that microdioritic enclaves from the Ross of Mull granite, Scotland, contain 
an interconnected three-dimensional network of macroscopic channels filled with acidic melt from the host granite. 
Channel networks can be characterised by their genus, a discrete topological parameter relating pore structure to 
connectivity. The two most important variables in controlling the mean flow velocity of an infiltrating granitic 
melt are the pore diameter and the melt viscosity. Results suggest that for granitic melt viscosites < 106 Pa s 
and channel diameters > 5 mm, flow (infiltration) velocities are of the order of centimetres per year. Under these 
conditions, advection will be more effective in transporting chemical components between acidic magma and 
enclave than diffusion alone.

Key-words: magmatic enclaves, permeability, fluid-flow, advection, granite.

Introduction

Field evidence from many parts of the world, 
combined with a wealth of experimental data, 
show that microdiorite enclaves in granitoid 
plutons are the result of dynamic interaction 
between two contrasting magma types (Blake et 
ah, 1965; Vogel, 1982; Marshall & Sparks, 1984; 
Frost & Mahood, 1987), commonly associated 
with the synpiutonic intrusion of basic to inter

mediate dykes (e.g. Pitcher & Bussell, 1985; 
Castro et ah, 1990, Didier & Barbarin, 1991, and 
references therein). There is, however, great de
bate as to the extent of chemical and isotopic 
exchange that is possible between coexisting 
magmas and the mechanism by which it occurs. 
The answers to this question have a clear bearing 
on the degree to which primary chemical and iso
topic information is preserved in microdiorite en
claves, and the extent to which the host granite
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magma is contaminated by intruding mafic 
magma. Whole-rock and mineral compositional 
data from enclave-host pairs (see Debon (1991) 
for a compilation and review of such data) and 
laboratory experiments (van der Laan & Wyllie,
1993) suggest that the exchange of most elements 
can be extensive, such that mineral compositions 
within and without enclaves are commonly iden
tical. The few isotopic studies that have been 
undertaken (e.g. Holden et ai, 1987; Eberz et al, 
1990; Pin et al> 1990; Pin 1991; Fourcade & 
Javoy 1991) also suggest that isotopic exchange 
between enclave and host is commonly exten
sive, although Holden et al. (1987) found evi
dence for a decoupling of the behaviour of Sr and 
Nd isotopes, such that there was a contrast in the 
Nd isotopic composition but not the Sr isotopic 
composition between enclave and host granite.

Most of the experimental, theoretical and prac
tical studies of-exchange between coexisting 
magmas have concentrated on diffusion as the 
mechanism of elemental exchange (e.g. Baker, 
1990, 1991; Lesher, 1990; Debon, 1991; Lesher,
1994) . Surprisingly little regard has been given 
to advective mechanisms, or the potential effects 
of crystallinity, on diffusive transport. In this 
paper, we take a dynamic approach and explore 
the possibility of chemical exchange between a 
partially crystallized microdioritc enclave and its 
host granite magma occurring through melt in
filtration and advection, noting that it is mainly 
the physicaf aspects of a magma’s history that 
determine its chemistry (Lange & Carmichael, 
1990).

We begin by showing how partially crystal
lized microdioritic enclaves can be treated as 
simple porous media consisting of a (deformable) 
framework of crystals with an interconnected 
porosity or melt fraction made up from a branch
ing network of channels. Flow rates based on a 
capillaric model of permeability through a typical 
enclave are then estimated over a range of vis
cosities considered typical for invading granite 
melts. Estimated flow rates allow a comparison 
of the general effectiveness of advection and dif
fusion in transporting strontium between granite 
and enclave magmas.

Enclave samples

Five microdioritic enclaves from the centre of 
the Ross of Mull granite, NW Scotland, were col

lected for analysis. In the field, the dark coloured 
enclaves (a few centimetres to a few metres 
across) show clear macroscopic evidence for ex
tensive physical interaction with the host granite, 
with crenulate contacts indicative of mingling 
whilst both were still partially molten and finer 
grained quenched margins to the enclaves. Evi
dence for more extensive physical interaction is 
shown by a pervasive diffuse veining of many 
enclaves by granitic material which forms chan- 
nei-like structures (Petford et al., 1993). Many of 
the enclaves contain widely distributed mega- 
crysts of quartz, alkali feldspar and amphibole.

Channel-like structures in the enclaves are 
clearly interlinked in two dimensions, but in 
order to see if this network extended into the 
third dimension, serial slices (ca. 12 x 7 cm) 
were made at approximately 5 mm intervals 
vertically through each enclave. Fig. 1 shows a 
series of sections through a typical slabbed en
clave. The relict melt channels, which define the 
porosity in the enclave after freezing are shown 
in black, and are comprised of approximately 
equal amounts of quartz and k-feldspar. Image 
processing techniques were used to isolate the 
channel network more clearly from the enclave 
matrix (white region in Fig. 1), and to measure 
their two-dimensional area. Area measurements 
of the channel network from each enclave slice 
were used to estimate a mean enclave porosity 
(<>) of ~ 15 %.

Melt channel topology

Enclave melt channel (pore) structure was 
reconstructed in three dimensions from parallel 
serial slices by tracing onto acetate sheets the 
(2D) structure of the channel network as revealed 
in each successive rock slice. By simply overlay
ing the sheets in order, the gross three-dimen
sional geometry of the pore structure could be 
established. The resulting two dimensional repre
sentation of the three-dimensional channel struc
ture is shown in Fig. 2 as a branch and node chart 
(De Hoff & Rhines, 1968). A branch and node 
chart not only provides a simple means of visu
alising pore structure in three dimensions, but 
also enables the connectivity of the structure to 
be quantified. The connectivity (C) of a pore 
structure can be directly related to a topological 
parameter called the genus, or first Betti number 
of the branch and node network (De Hoff &
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Fig. 1. Serial section through a microdioritic enclave. Although complex in form, the 2D porosity, defined here as 
the frozen-in portion of granitic melt contained within each slice (shaded black) can be traced through the enclave 
to reveal a channel network that is interconnected in three dimensions (c/. Fig. 2).

Rhines, 1968; Dullien, 1992). The genus (G) of totally dismembering one part from the rest, and 
a structure simply reflects the largest number of can be found from
cuts that can be made through a structure without G = C = b- n + N (1)
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■ Internal Node 
^ Pore Channel 

•e Dead End Pore

♦ Surface Node

BOTTOM

Fig. 2. Branch and node chart showing a macroscopic network of interconnecting melt channels typical of micro- 
dioritic enclaves from the Ross of Mull granite, constructed from 13 serial sections cut at - 3 mm incremenu 
through an enclave (c/. Fig. 1). The number of surface (terminating) and internal (branching) nodes between the 
pore channel network can be used to determine the genus of the structure (see text for further discussion).

where b is the number of branches, n is the num
ber of nodes and N is the number of separate 
networks. From Fig. 2, b = 21, n = 21 and N = 
3 so that G = C = 3. An interesting feature re
vealed by serial sectioning is the presence of un
connected or dead-end pores within the enclave. 
In the case of sedimentary rocks, although 
belonging to the channel network, the contribu
tion of such pores to fluid flow has been found 
to be negligible. Furthermore, the fluid trapped 
within them is practically stagnant (Coats & 
Smith, 1964). In the plutonic environment, simi
lar dead-end pores within enclaves containing 
stagnant melt may act as sites for in-situ crystal 
growth.

Enclave permeability and fluid flow

Having established the existence of a intercon
nected melt channel network (porosity) within 
the enclave, it is possible estimate the macro
scopic behaviour of fluid flow in the channels. A 
fundamental variable controlling fluid flow 
through a porous media is its conductivity or 
specific permeability (A:). Permeability is itself 
dependent upon the porosity and minimum pore 
diameter (</). Fluid flow in rocks can be thought 
to occur either around solid grains or through 
conduits. Given that the porosity in the enclaves 
that have been studied is one of channel network, 
we have used a simple one dimensional expres

sion of permeability based on bundles of capil
laries to calculate permeability, where:

k = $£ (2)
32

(Dullien, 1992, p 260). Comparison with other 
permeability expressions based on cell-drag mod
els are currently being investigated (Pugliese & 
Petford, in prep). The permeability expression 
above can be combined with a modified form of 
Darcy’s law:

U = -~Apg O)
p

to give:
U = —^rAps (4)

32p02
where U is the flow velocity of the invading 
acidic melt p is the melt viscosity, and 0 (taken 
as V3) is a tortuosity factor (Bear, 1972). The 
driving force for melt movement is the pressure 
difference (p = Apg) between melt and matrix 
(e.g. Richter & McKenzie, 1984). Using equation 4 
it is thus possible to estimate the velocity of in
vading granitic melt in an enclave channel net
work such as that shown in Fig. 1 over a range 
of potential melt viscosities and pore (channel) 
diameters.

Results

Flow velocities of invading granitic melts 
over the viscosity range 10M08 Pa s and a range
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Ap = 0.3 g/cnv

% 10'

Fig. 3. Estimated channel flow velocity as a function of 
increasing pore diameter (d) for a range of viscosities 
typical of granitic liquids at constant enclave porosity 
(<J>) of 15 %. Highest flow rates occur at relatively low 
melt viscosities (< 106 Pa s) and d > 05 cm. Arrow 
shows the possible effect of crystallisation (i.e. decreas
ing pore channel diameter) within the enclave on melt 
flow (infiltration) velocities.

in pore channel diameters of 0.1 to 1.0 cm ob
tained using equation 3 are shown in Fig. 3. Esti
mated flow velocities range from a maximum of 
~ 1.4 m/yr (p = 104 Pa s, = 1 cm) to less than 
0.001 mm/yr (p = 108 Pa s, d = 0.1 cm), 
highlighting the importance of these two varia
bles (at constant porosity) in governing the infil
tration process. The results suggest that in the 
most rapid case, a 1 m sized enclave would be 
completely invaded by granitic melt in just over 
1 month. For a ’typical’ granitic melt viscosity 
of 106 Pa s, infiltration velocities range from ~ 
1.4 cm/yr (d = 1 cm) to 0.001 cm/yr (rf = 0.1 
cm), equating to a 1 m enclave being invaded by 
granitic melt in ~ 70 to 10* yrs respectively. 
These estimates are still rapid compared with 
timescale of typical cooling times for plutonic 
rocks, and are likely to be much faster at higher 
porosities.

with measured diffusion rates of Sr in silicic 
melts, it is possible to compare the relative effec
tiveness of advection and diffusion in trans
porting Sr between host granite and porous en
clave. Invading granitic melt flowing through an 
enclave with a velocity U containing some con
centration (C) of Sr will have an advective flux 
(F) of F-UC. The flux across a plane perpendic
ular to the flow direction becomes the sum of the 
diffusional flux fo as defined by Picks law and 
advective flux if a), so that:

F=fD+fA = -D^+UC (5)

where D is the diffusion coefficient Following 
Lcrman, (1979) the relative transport rates of 
advection (TVO and diffusion (Td) are given as:

~ - U
Td

J_
D

\ y
(6)

t = (7)

By setting TaITd to unity, it is then possible 
to compare the relative transport rates of both 
advection and diffusion from:

D_
U2

where t is the time required for advection and 
diffusion to equal one another. Using Baker’s 
(1991) recent estimate of Sr self-diffusivity in a 
hydrous obsidian melt of D = 2.5 x lO*9 cm2/s 
(H2O 3.5 wt%, T = 900*C), and a maximum 
estimated melt flow velocity oi U - 140 cm/yr, 
/ = 118 s. This result means that within about 
1 second, advection would transport Sr as far into 
a porous enclave as diffusion would alone. Al
though with increasing degree of crystallization, 
loss of porosity in the enclave will continue until 
melt infiltration, and chemical transport by ad
vection, are no longer viable, this simple result 
shows that so long as an enclave maintains an 
open, porous network of melt channels, advective 
transport will be much more effective than diffu
sion as a process of chemical exchange between 
melt and enclave.

Advection or diffusion?

The behaviour of strontium during diffusive 
exchange between enclaves and acid magmas has 
been investigated by Baker (1990), who sug
gested that Sr self-diffusivity may be important 
in governing rates of isotopic equilibration. 
Using our estimates of melt flow rates combined

Discussion

The above results suggest that for relatively 
low viscosity (< 106 Pa s) granitic melts, advec
tive transport during early crystallization of mi
crodioritic enclaves is substantially faster than 
diffusive transport rates in silicate melts (gener
ally 10-9 cm2/s), and that in the presence of an 
interconnected porosity, advection will be a
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Fig. 4. Schematic vertical section through a typical melt 
channel within an enclave during the early stages of 
melt infiltration. Transport of material through pore 
channels is by advection (advection domain), with deep 
penetration of invading melt into the crystallising matrix 
of the enclave by grain boundary diffusion (diffusion 
domain). Stagnant melt in dead-end pores may act as 
sites for nucleation and in-situ crystal growth.

much more efficient mechanism of chemical ex
change than diffusion. However, away from the 
main channel networks and in regions of the 
enclave where porosity is not interconnected, 
diffusion is still likely to be the dominant trans
port mechanism. This relationship between diffu
sion and advection within a crystallising enclave 
is shown schematically in Fig. 4. The advective 
process dominates the channel networks (advec
tion domain), while diffusion along melt wetting 
grain boundaries (diffusion domain) allows con
taminants to further penetrate the enclave (e.g. 
Watson, 1982). As the porosity decreases and 
becomes less connected during crystallization.

invading melt may become trapped as pockets in 
dead end pores, and crystallise in-situ. This 
process may explain the presence of numerous 
subhedral alkali feldspar and quartz crystals 
found within the body of the enclaves during se
rial sectioning, and the origin of some enclave 
megacrysts.

What bearing do the results of advective trans
port modelling have on our overall understanding 
of exchange between microdiorite enclaves and 
host granite magmas and under what circum
stances and to what extent is primary (pre-min- 
gling) chemical and isotopic information is pre
served in microdiorite enclaves? Baker (1991) 
and Lesher (1994) have shown that diffusion 
alone is an effective mechanism of equilibration 
over short distances (less than a few metres) 
within the typical timescales of magma solidifi
cation (103 to 10s years). As we have just demon
strated advective transport rates arc substantially 
more rapid and will potentially operate over 
much greater distances. The main conclusion is 
that chemical exchange between microdiorite 
enclaves and host granite magmas under most 
circumstances is rapid in comparison with pluton 
cooling and crystallization rates, and that equili
bration in many cases must essentially be 
complete. This would appear to confirm the find
ings of the studies outlined earlier that suggests 
that exchange for most elements and isotope 
systems is commonly extensive. However, this is 
not always the case, and examples of primary 
isotopic information preserved in enclaves has 
also been reported (e.g. Holden et al., 1987). 
From our understanding of diffusion and advec
tive transport rates this is not something that we 
would predict.

In considering the rates of chemical and iso
topic exchange during melt infiltration, the pre
sence of crystals and the rate and order of crys
tallization are complicating factors that must also 
be taken into account. Thus, during simultaneous 
infiltration and crystallization, chemical ex
change between liquid in the melt channels and 
the surrounding enclave ’wall-rock* may lead to 
changes in concentration of particular trace ele
ments that are independent of both the diffusive 
and advective fluxes. Depending upon the min
eralogy and resultant distribution coefficient of 
the enclave matrix, early formed mineral phases 
may remove from the melt a significant propor
tion of a particular element or isotope. Continued 
exchange of that element or isotope will thus de
pend on its diffusive behaviour in the mineral
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phase in which it is sequestrated. If the within- 
mineral diffusion rates are slow then exchange 
may effectively cease at the time of crystal
lization and the primary chemical or isotopic 
character of the enclave magma might be pre
served. A possible example of such behaviour 
involves the early crystallization of REE and Nd- 
rich accessory minerals which have been shown 
to have very slow diffusion rates for the REE 
(Paterson & Stephens 1992; Paterson et al., 
1992a; 1992b). Conversely an element or isotope 
may be dominantly controlled by a mineral phase 
that crystallises after complete exchange by 
diffusive and advective transport and thus would 
have completely equilibrated prior to its incor
poration into the crystalline state.
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Fore-structure visualization in microdioritic enclaves

• S. PUGLIESE & N. PETFORD

School of Geological Sciences, Kingston University, Penrhyn Road, 
Kingston upon Thames KT1 2EE, UK 
(e-mail: S.Pugliese@kingston.ac.uk)

Abstract: We present a simple methodology for estimating key petrophysical characteristics 
of partially molten (igneous) porous media using micro granular (microdiritic) enclaves from 
the Ross of Mull granite, Scotland, as examples. A number of enclaves have been infiltrated 
by granitic melt while still partially molten, with the infiltration (porosity) network now 
preserved as frozen-in granitic melt. By serial sectioning through individual enclaves, we 
show that the preserved infiltration channel network is interconnected in three dimensions. 
Using image analysis techniques, we have estimated the porosity (di) of individual enclave 
sections and obtained the variation in porosity with depth. Simple representation of the 
pore-channel network on a branch and node chart allows useful petrophysical 
characteristics including the connectivity, genus and tortuosity of the network to be 
estimated. Computer-enhanced reconstructions of the pore network in three dimensions are 
shown that provide a powerful way of visualizing complex geometries in porous media.

It is now widely accepted that microgranular 
enclaves in granitic plutons result from the 
incomplete mixing of hot mafic to intermediate 
(45-55 wt% Si02) melts intruded into cooler 
granitic magma (e.g. Blake et al 1965; Wiebe 
1974, 1993; Castro et al 1990n; Pitcher 1991; 
Chapman & Rhodes 1992). The importance of 
this process in controlling tire final composition 
of calc-alkaline granitoid rocks depends criti
cally on the ability of enclave and host granite 
magmas to interact while still partially molten. 
So far, three exchange mechanisms involving 
thermal, mechanical and chemical transfer have 
been _ recognized (Barbarin & Didier 1992). 
Despite continued mrcertainty over tire exact 
role played by each process during granitoid 
petrogenesis (see Didier & Barbarin 1991 for a 
review), most microgranular enclaves in exposed 
plutons exhibit some degree of interaction with 
their surrounding granite.

The ability of magmas of different chemical 
composition to mix and homogenize is princi
pally governed by the initial physical properties 
(especially heat contents and mass fractions) of 
the magmas, as well as their rheological beha
viour during cooling (Vernon 1984; Sparks & 
Marshall 1986; Fernandez & Gasquet 1994), 
Recent studies on microgranular enclaves have 
therefore focused on either diffusion (chemical 
and thermal) or mechanical incorporation as the 
principal exchange medium between magmas 
(Sparks & Marshall 1986; Baker 1992; Lesher 
1994). While factors such as grain size and shape 
and degree of enclave crystallinity (porosity) 
have been shown to affect enclave rheology 
(Fernandez & Gasquet 1994), they also play a

fundamental role in controlling interstitial melt 
movement within crystallizing igneous systems 
(e.g. Marsh 1981; Tait et al 1984; Kerr & Tait 
1986; Hunter 1987; Cushman 1990; Petford 
1993). To date, little attempt has been made to 
study the porosity and associated permeability 
of microgranular enclaves, despite the fact that 
the presence of a continuous fluid phase within 
an enclave will greatly influence fluid flow and 
diffusive mass transfer processes between 
enclave and host granite, and thus the final 
chemical composition of both magmas.

In this contribution, we outline a simple 
methodology for examining and quantify
ing key petrophysical properties (connectivity, 
tortuosity and two/three-dimensional pore 
geometry) of microgranular enclaves permeated 
by granitic melt during their crystallization. The 
methodology provides a first step towards 
quantifying the complex geometrical structures 
that result from melt infiltration in igneous 
systems, and is applicable to a wide range of 
other porous geological media.

Enclave samples

Regional geology and lithologies

The Ross of Mull granite lies at the western end 
of the Island of Mull, Scotland. The granite 
intruded Moine metasediments during late 
Caledonian times (Holdsworth et al 1987) 
yielding a Rb-Sr whole rock age of 414 ± 3 Ma 
(Halliday et al 1979). The pluton was emplaced 
concordantly along the western limb of the

From Lovell M. A. & Harvey, P. IC, (eds), 1997, Developments in Petrophysics, Geological Society Special 
Publication No. 122, pp. 37-46.
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Assapol synform as a horizontal sheet approxi
mately 3.5 km thick, dipping 30°E (Beckinsale & 
Obradovich 1973). A N-S trending foliation is 
developed within the granite which becomes 
accentuated along locally developed shear zones. 
Within the southern and southwestern portions 
of the pluton, numerous outcrops of Moine 
xenoliths and microdioritic enclaves are present, 
the latter showing the greatest concentration in 
topographic lows. Most of the microdioritic 
enclaves range in size from less than 5 cm to 
several metres in diameter and are either ovoid 
or ellipsoidal in shape, with aspect ratios 
between 2:1 and 50:1.

Mineralogy and textures

The host granite has been subdivided on textural 
criteria by R. H. Hunter & J. R. Reavy (pers. 
comm.) into two end-member types, the Fion- 
nophort equigranular facies and the porphyritic 
alkali-feldspar facies. Grain sizes for the main 
rock forming minerals vary from 0.2 mm to 
>10mm. Mineralogically the Fionnophort 
equigranular facies can be distinguished from 
the porphyritic alkali-feldspar facies by the 
virtual absence of plagioclase (maximum 5% 
modal) and increased amounts of quartz and 
alkali feldspar.

The microgranular enclaves display a wide 
range of textural and mineralogical features 
which we have used to classify them into (1) 
megacrystic and (2) megacryst-free varieties. The 
megacryst-free enclaves are composed largely of 
amphibole (c. 30%), biotite (c. 20%), albite 
twixmed interstitial plagioclase (c. 45%) and 
show recrystallization textures. The megacrystic 
enclaves can be subdivided into two groups 
depending on the megacryst assemblage: (a) 
plagioclase + quartz and (b) plagioclase + horn
blende ± quartz ± alkali feldspar. Mantling of 
the megacrysts by coronas of plagioclase or 
amphibole ± biotite is common.

These observations, coupled with the presence 
of crenulate and cauliform contacts (e.g. Castro 
et al. 19906), provide evidence for magmatic 
interactions between enclaves and host granite. 
In exceptional cases, a pervasive veining of the 
enclaves by the host granite (Fig. 1) has led to 
the development of channel-like morphologies 
referred to by Petford et al. (1996) as melt 
channels. In the field the channels range in shape 
from polygonal structures (akin to desiccation 
cracks) to straight felsic strands (Fig. 1). In thin 
section the channels are composed of plagioclase 
feldspar (80%), alkali feldspar (10%) and quartz 
(5%) and form mesoscopically sharp boundaries 
with the enclosing enclave matrix. Where mega
crystic euhedral amphibole is present, mantling

Fig. 1. Microdioritic enclave from the Ross of Mull granite infiltrated during crystallization by melt from the 
surrounding host granite (also crystallizing). The geometry of the infiltrating melt is largely polygonal but 
becomes linear towards the right hand side of the plate. Coin is approximately 2 cm.
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Fig. 2. Photomicrograph of a melt channel, occupied by a plagioclase feldspar megacryst 
shows a magmatic foliation running north-south. Field of view is 4.5 cm. The enclave matrix

of the crystals by plagioclase is common. 
Euhedral titanite crystals (up to 10 mm) are a 
frequent accessory phase found within the melt 
channels, where they are often associated with 
subordinate amounts of secondary calcite. A well- 
developed foliation, defined by aligned plagio
clase laths, is common within the enclave matrix 
and wraps around the melt channels (Fig. 2).

Enclave pore structure

2D porosity

Porosity and pore structure exert a fundamental 
control on the movement of fluids through a 
porous medium (Bear 1972). Porosity (0) is 
defined as the fraction of the bulk volume of 
porous sample (f/^,) that is occupied by pore 
(void) space, t/v, so that:

<t> = Uv/Ub = (Ub - Us)/Ub (1)

where Us is the volume of solids within Ub (Bear 
1972). In sedimentary systems, the void space is 
normally filled by either air, cement or hydro
carbons. In enclaves, and other igneous systems 
where melt is dispersed within crystalline matrix, 
porosity is defined by the melt fraction (e.g. 
Turcotte 1982; McKenzie 1984). Remnant por
osity (melt fraction) within the Ross of Mull 
enclaves is preserved as frozen-in melt channels 
(Petford et al. 1996).

The porosity of individual enclave slices 
was estimated by scanning each rock slice into 
a PC as a grey-scale image (Fig. 3). Each 
captured image was then analysed using stan
dard image analysis software that allowed us to 
isolate that area of rock occupied by melt 
channels (shown black in Fig. 3) from the 
enclave matrix, and thus estimate the porosity 
for each (2D) serial slice. Although we identi
fied three types of pore space (effective, isolated 
and dead end), within the enclaves, only the 
effective porosity (0C) gives the medium its 
ability to transport material. By serial sectioning 
the enclave at 2.5 mm intervals (the minimum 
spacing achievable using a standard rock saw 
during this study), it was possible to trace 
individual melt channels from successive slices 
through the enclave. It is these channels that 
contribute to the effective porosity of the 
enclave.

The obtained variation in porosity with depth 
as estimated from individual rock slices (see 
Fig. 3) is shown in Fig. 4. Estimated porosities 
range from a minimum of 11 % to a maximum 
of 23%. Two regions of high porosity occur 
approximately half way through the enclave, 
where melt channels combine to isolate areas of 
the enclave matrix (e.g. Fig. 3 section 5U). These 
‘melt envelopes’ form an important part of the 
three-dimensional structure of the porosity net
work and represent areas where flow rates will 
be lowest.
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Fig. 4. Variation in remnant magmatic porosity with 
depth through the microdioritic enclave constructed 
from serial sections shown in Fig. 3, measured at 
2.5 mm increments. Maximum porosity (23%) is 
found approximately halfway through the enclave 
where polygons connect to form ‘melt envelopes’
(e.g. Fig 3, 5U).

Genus and tortuosity

Although melt channels are clearly linked in two 
dimensions (Fig. 3), a full description of their 
geometry can only be obtained by reconstruct
ing the melt channels in three dimensions. One 
way of achieving this is to construct a branch 
and node chart (Dulhen 1992) from individual 
serial sections. Branch and node charts allow a 
general qualitative and quantitative evaluation 
of porous material to be made from an estimate 
of their connectivity (C). Connectivity is related 
to the genus (G), a topological parameter that 
describes the interconnectedness of structures 
from:

G — C = b-n + N (2)

where b is the number of branches, n is the 
number of nodes and N is the number of 
separate networks (Dullien 1992). Figure 5 is a 
branch and node chart made from, combining 
the 2D images shown in Fig. 3. The chart shows 
the pore network contains 21 branches (6 = 21), 
21 nodes (n = 21) and three separate channel 
networks. It thus follows from equation (2) that 
C = G = 3.

Figure 5 further shows that the melt channels 
are not simple linear features but instead possess 
a tortuosity. Tortuosity (T) plays an important

role in controlling the efficiency of material 
transport in porous media by constraining flow 
rates (Bear 1972) and is defined as:

r=h (3)

where L is the average path length of the flow 
and L0 is the sample length in the direction of 
macroscopic flow (Dullien 1992). Using the 
branch and node chart, it is possible to estimate 
the tortuosity for each of the melt channels in 
the enclave. For the main three channel net
works within the enclave, T lies approximately 
between 1 and 2 (see Fig. 5).

A further constraint on the degree of material 
transport through the enclave will be to what 
extent individual melt channels are continuous 
throughout the length of the enclave. A number 
of terminating channels, referred to in Fig. 5 as 
dead-end pores were observed in the enclave, 
and may act as a sites for in-situ crystal growth 
(Petford et al. 1996). We stress that factors such 
as tortuosity and dead-end pores can only be 
revealed by visualizing the geometry of the pore 
network in 3D.

Permeability

The ability of a liquid or gas to flow through a 
porous medium is defined as the permeability 
and is determined by the porosity, pore geome
try and physicochemical properties of the fluid 
(Bear 1972). However, as the permeability in the 
same porous sample may not be constant, and 
will change with the physical properties of the 
permeating fluid and the mechanism of permea
tion, a parameter termed the specific (intrinsic) 
permeability (k) is introduced. This parameter is 
independent of both fluid properties and flow 
mechanisms and so its value is uniquely 
determined by the pore structure (e.g. Dulhen 
1992). In generalized form, the specific perme
ability is expressed as:

where a is the grain size (diameter) of the matrix 
through which flow occurs, 0 is the porosity of 
the system and n and b are dimensionless 
parameters (e.g. McKenzie 1984). For low

Fig. 3. Image-enhanced serial slices through a microdioritic enclave infiltrated by granitic melt. The letters T and 
U after the numbers refer to the top and underside of the slice respectively. The black areas are frozen-in granitic 
melt and define the remnant magmatic porosity of the enclave. Where the porosity interconnects, melt channels 
are formed. Note the crude polygonal geometry of the porosity, and the tendency of larger polygons to isolate 
areas of the enclave matrix to form ‘melt envelopes’ (ME, slice 5U).
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Y= 2.08 T= 1.10 /Y= 1.16

BOTTOM
Fig. 5. Branch and node chart representation of the connectivity of the mesoscopic network of interconnecting 
melt channels shown in Figs 3 and 4. The chart is defined by three networks and has a genus (G) of T 
eeneralised tortuosity (T) of each network is shown above the chart for companson. Values range from 

1.10 to 2.08.

porosity systems (<f) 1), n usually lies between
2 and 3 while b is partly related to the tortuosity 
of the system.

Porosity estimates from Fig. 4 were used to 
obtain permeability ranges for the enclave

shown graphically in Fig. 3. Ten permeability 
models taken from the literature based on 
conduit flow and phenomenological models 
were applied. Parameters such as porosity and 
pore throat radius were kept constant (0 = 0.17,

Table 1. Log values for both specific permeabilities and flow rates for various phenomenolgical and conduit porous

Models Log specific k (m2) Darcian flow velocity (ms ')

Conduit flow
Carman-Kozen y
Spherical grains -8.85 4.0 x lO-10

1.5 x 10~9Circular cylindrical grains -8.29
(flow parallel to cylinder axis)

-8.54 8.5 x lO'10Circular cylindrical grains
(flow perpendicular to cylinder axis)

-8.77 5.0 x 10-10Blake-Kozeny

Capillaries
Bundles of identical capillaries (ID) -6.72 5.6 x 10-8

5.1 x lO-8
4.8 x 10~8
2.7 x 10"8

Pseudo 3D (T = 1.10)
Pseudo3D (T = 1.16)
Pseudo3D (T = 2.08)

—6.76
-6.78
-7.04

Phenomenological
Beds of particles
Rumpf & Gupte -9.42 1.1 x 10"10

Fibrous beds
Davies -7.65 6.6 x lO-10

Chen

Variables governing permeability were kept constant at <t> (porosity) —0.17, 
melt viscosity) = 104 Pas. T defines the tortuosity of the channels.

r (grain size) = 0.003 m, p (granitic
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Fig. 6. Estimated range in specific magmatic 
permeabilities of Ross of Mull enclaves compared with 
values typical of common geological materials. 
Magmatic permeabilities are high and are comparable 
with clean sands and gravel. During active melt 
infiltration prior to freezing, magmatic permeabilities 
may have been even higher. Values and model 
variables are given in Table 1 (after Lerman 1979).

r = 0.003 m) in order to compare the variance 
between each model. The results are shown in 
Table 1. Permeabilities range from a maximum 
of 1.9 x 10"7 m2 (l°g -6.7 m2) to a minimum of 
3.8 x 10-l° m2 (log-9.4m2). Although a 
number of different permeability models have 
been applied, the spread of values is tightly 
constrained (Fig. 6), with the mean lying at 
log-8 m2.

Our estimates should, however, be treated 
with caution as they represent the final stage in a 
complex infiltration process governed ultimately 
by cooling rates within the enclave. For exam
ple, crystallization within the enclave will lead to 
a reduction in the permeability and a subsequent 
increase in tortuosity with time. It is thus likely 
that the estimates for the porosity and hence 
permeability are minimum values that reflect 
conditions within the enclave at the point of 
freezing. Actual magmatic values may well have 
been much greater.

3D pore-structure visualisation

We are now in a position to consider in more 
detail the three dimensional pore structure of 
the enclaves. Pore structure visualization was 
achieved by firstly digitizing each individual slice

as in Fig. 3 and then reducing the image size by 
25%. Each new image has a resolution of 75 
dots per inch (dpi) and is approximately 300 
kilobytes in size. Individual images were then 
overlaid sequentially and read into 3D Studio, a 
3D modelling package running on a Pentium 
PC, in order to reconstruct and visualize the 
pore geometry in three dimensions.

Figure 7 shows the resultant enclave pore 
structure in three dimensions. The enclave mat
rix is false coloured in light grey with the melt 
channel network highlighted in dark grey. By 
joining melt channels in two dimensions 
between successive slices that (a) directly over
lap and (b) lie within a distance equal to or less 
than the diameters of the melt channels, it was 
possible to reconstruct the 3D pore geometry of 
the melt channels in isolation of the enclave 
matrix (Fig. 8).

Figure 8 has been vertically exaggerated by a 
factor of two in order to enhance the finer details 
of the pore structure. Several features identified 
in two dimensions can be seen in the 3D 
reconstruction that are not apparent in the 
simple branch and node chart in Fig. 5. For 
example, dominant channels can be traced 
throughout the length of the enclave with 
smaller subsidiary channels branching off 
them. Variations in the cross sectional area of 
channels (serial type pore non-uniformities) 
occur in both main and secondary channels, 
while dead-end pores and isolated pockets are 
clearly visible. Although the resolution is good, 
the angularity of the melt channels in Fig. 8 is an 
artefact of the modelling package, and in reality 
they are much smoother. The importance of this 
kind of visualization is that it provides a first 
step towards measuring and quantifying vari
ables such as channel connectivity, effective 
porosity and tortuosity that control rates of 
fluid flow and hence advective and diffusive 
mass transfer processes within the system.

Summary

Simple visualization methods have been used to 
examine the internal pore structure and petro
physical properties of microgranular porous 
enclaves from two-dimensional serial sections. 
Enclave porosity defined as frozen granitic melt 
within the enclave, has been estimated from 
serial sections taken through the enclave. 
Average enclave porosity is 14%, with highest 
porosities of 23% occurring where individual 
melt channels coalesce into envelope-like struc
tures. Using estimates of 2D porosity, a number 
of permeability models for the infiltration of
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Fig. 7. Grey-scale computer-generated image of a microdioritic enclave reconstructed from 18 digitized serial 
sections. The light grey areas represent the enclave matrix, while the dark grey areas define the melt channels.

granitic melt into the enclaves have been 
applied. Values range from c.log—9m2 to 
log -7m2. Reconstructions of the melt channel 
network using branch and node charts provide a 
simple way of representing the geometry of the

3D pore structure and estimating the connectiv
ity and tortuosity of the pore network. More 
sophisticated computer imaging and visualiza
tion of the pore network from serial slices reveal 
the true geometry of the system and suggest that

Fig. 8. Computer-generated three-dimensional image of enclave pore structure defined by granitic melt channels 
(dark grey). The pore-channel network has been isolated from the enclave matrix and exaggerated vertically to 
highlight the fine detail contained within the pore geometry.
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different fluid flow models should be considered 
when estimating petrophysical properties of 
porous rocks. Future work will aim at quantify
ing more fully the petrophysical characteristics 
of igneous systems and other geological porous 
media using the methodology and visualization 
techniques described here.
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Two anonymous reviewers are also thanked for their 
constructive comments. This work forms part of an 
ongoing PhD study by S.P, at Kingston University, 
who are acknowledged for financial and technical 
assistance.

References
Baker, D. R. 1992. Tracer diffusion of network 

formers and multicomponent diffusion in dacitic 
and rhyolitic melts. Geochimica et Cosmochimica 
Acta, 56, 617-631.

Barbarin, B. & Didier, J. 1992. Genesis and 
evolution of mafic microgranular enclaves 
through various types of interaction between 
coexisting felsic and mafic magmas. Transactions 
of the Royal Society of Edinburgh; Earth Sciences, 
83, 145-153.

Bear, J. 1972. Dynamics of Fluids in Porous Media. 
Elsevier, New York.

Beckinsale, R. D. & Obradovich, J. D. 1973. 
Potassium-Argon ages for minerals from the 
Ross of Mull, Argyllshire, Scotland. Scottish 
Journal of Geology, 9, 147-156.

Blake, H. R., Elwell, R. W. D., Gibson, I. L., 
Skelhorn, R. R. & Walker, G. P. L. 1965. 
Some relationships resulting from the intimate 
association of acid and basic magmas. Quarterly 
Journal of the Geological Society of London, 121, 
31-49.

Castro, A., de la Rosa, J. D. & Stephens, W. E, 
1990g. Magma mixing in the subvolcanic envir
onment: petrology of the Gerena interaction zone 
near Seville, Spain. Contributions to Mineralogy 
and Petrology, 205, 9-26.

------ , Moreno-Ventas, I. & de la Rosa, J. D.
1990&. Microgranular enclaves as indicators of 
hybridization processes in granitoid rocks, Her- 
cynian belt, Spain. Geological Journal, 25, 
391-404.

Chapman, M. & Rhodes, J. M. 1992. Composite 
layering in the Isle au Haut Igneous Complex, 
Maine: evidence for periodic invasion of a mafic 
magma in to an evolving magma reservoir. 
Journal of Volcanology and Geothermal 
Research, 51, 41-60.

Cushman, J. H. 1990. Dynamics of Fluids in Hier
archical Porous Media, Academic Press, London.

Didier, J. & Barbarin, B. 1991. Enclaves and Granite 
Petrology. Developments in Petrology 13. Else
vier, Amsterdam.

DULLIEN, F. A, L. 1992. Porous Media - Fluid 
Transport and Pore Structure, 2nd Edition. Aca
demic Press.

Fernandez, A. N. & Gasquet, D. R. 1994. Relative 
rheological evolution of chemically contrasted 
coeval magmas: example of the Tichka plutonic 
complex (Morocco). Contributions to Mineralogy 
and Petrology, 116, 316-326.

Halliday, A. N., Aftalion, M., van Breemen, O. & 
Jocelyn, J. 1979. Petrogenetic significance of 
Rb-Sr and U-Pb isotopic systems in the 400 Ma 
old British Isles granitoids and their hosts. In: 
Harris, A. L., Holland, C. H. & Leake, B. E. 
(eds) The Caledonides of the British Isles - 
Reviewed. Geological Society, London, Special 
Publications, 8, 653-661.

Holdsworth, R. E., Harris, A. L. & Roberts, 
A. M. 1987. The stratigraphy, structure and 
regional significance of the Moine rocks of 
Mull, Argyllshire, W. Scotland. Geological 
Journal, 22, 83-107.

Hunter, R. A. 1987. Textural equilibration in layered 
igneous rocks. In: Parsons, I. (ed.) Origins of 
Igneous Layering. Kluwer Academic Publishers, 
Dordrecht, 473-503.

Kerr, R. C. & Tait, S, R. 1986. Crystallisation and 
compositional convection in a porous medium 
with application to layered igneous intrusions. 
Journal of Geophysical Research, 91, 3591-3608.

Lerman, A. 1979. Geochemical Processes: Water and 
Sediment Environments. Wiley, New York.

Lesher, C. E. 1994. Kinetics of Sr and Nd exchange in 
silicate liquids: Theory, experiment and applica
tion to uphill diffusion, isotopic equilibrium and 
irreversible mixing of magmas. Journal of Geo
physical Research, 99, 9585-9604.

Marsh, B. D. 1981. On the crystallinity, probability of 
occurrence and rheology of lava and magma. 
Contributions to Mineralogy and Petrology, 78, 
85-98.

MCKENZIE, D. P. 1984. The generation and compac
tion of partially molten rock. Journal of 
Petrology, 25, 713-765.

Petford, N. 1993. Porous media flow in granitoid 
magmas: an assessment. In: Stone, D. B. & 
Runcorn, S. K. (eds) Flow and Creep in the Solar 
System: Observations, Modelling and Theory. 
Kluwer Academic Publishers, Netherlands, 
261-286.

------ , Paterson, B. A., Mccaffrey, K. J. W. &
Pitot.tf.sf., S. 1996. Melt Infiltration and advection 
in microdioritic enclaves. European Journal of 
Mineralogy, 8, 405-412.

Pitcher, W. S. 1991. Synplutonic dykes and mafic 
enclaves. In: Didier, J. & Barbarin, B. (eds) 
Enclaves and Granite Petrology, Elsevier, Amster
dam, 383-391.

Sparks, R. S. J. & Marshall, L. A. 1986. Thermal 
and mechanical constraints on mixing between 
mafic and silicic magmas. Journal of Volcanology 
and Geothermal Research, 29, 99-124.

Tait, S. R., Huppert, H. E. & Sparks, R. S. J. J984. 
The role of compositional convection in the for
mation of adcumulus rocks. Lithos, 17, 139-146.



46 S. PUGLIESE & N. PETFORD

Turcotte, D. L. 1982. Magma migration. Annual 
Review of Earth and Planetary Science, 10, 
397-408.

Vernon, R. H. 1984. Microgranitoid enclaves in 
granites: globules of hybrid magma quenched in 
a plutonic environment. Nature, 309, 438-439.

Wiebe, R. A. 1974. Coexisting intermediate and basic 
magmas, Ingonish, Cape Breton Island. Journal of 
Geology, 82, 74-87.

Wiebe, R. A. 1993. The Pleasant Bay layered gabbro- 
diorite, Coastal Maine: ponding and crystallisa
tion of basaltic injections into a silicic magma 
chamber. Journal of Petrology, 34, 461-489.



Electronic Geosciences 2001 6:2 © Springer-Verlag 2001

Reconstruction and visualisation of melt topology in veined microdioritic enclaves

Stefano Pugliese1 and Nick Petford1

1 Centre for Earth and Environmental Science Research, Kingston University, Penrhyn Road, Kingston upon 

Thames, Surrey, KT1 2EE, UK

Received: September 18,2000/Revised Version: 29 May 2001 /Accepted: October 10,2001

Abstract A number of xenocrystic microdioritic enclaves within the Ross of Mull Granite contain narrow 
veins of monzonitic material that have formed through the selective partial fusion of granitic magma 
mechanically incorporated into the microdiorite magma. Field evidence suggests that, as melting of tire 
granitic material ensued, a monzonitic melt formed and exfiltrated from die surrounding microdioritic 
matrix resulting in Saffman-Taylor instabilities and the development of viscous fingering phenomena. The 
monzonitic melt network is now preserved as monzonitic veins. Mechanical serial sectioning through a 
representative veined microdioritic enclave shows that: (a) the topology of the veins is complex but crudely 
polyhedral, (b) there is porosity (monzonitic melt fraction) variation throughout the length of the veined 
enclave and (c) that the monzonitic veins are interconnected in three dimensions. Using image analysis 
software, the total porosity of individual veined enclave sections has been estimated, along with the variation 
in porosity with depth. Three dimensional rendering and animation software has been used to reconstruct 
and visualise the monzonitic melt network using Apple QuickTime™ software. The above method provides a 
cheap and powerful way of visualising remnant macroscopic transport properties (such as connectivity and 
melt topology) in partially molten igneous rocks.

Key words Microdioritic enclaves - Ross of Mull - Porosity - Permeability - Visualisation

Introduction
Microgranular enclaves, which are common features of calc-alkaline granitic plutons, commonly form 
during the incomplete mixing or mingling between mafic to intermediate magmas and the cooler granitic 
magma (e.g. Blake et ah, 1965; Barbarin and Didier, 1992). In most cases, there is evidence that material from 
the granitic magma has been mechanically incorporated into the enclave magma to form a hybrid mixture 
(e.g. sub-rounded, corroded feldspar megacrysts hosted by microgranular enclaves that have similar 
dimensions to the crystals in the host granite). In some cases (e.g. Zanvilevich and Litvinovskii, 1996), the 
temperature of the more mafic magma is sufficiently high to allow partial melting of the mechanically 
incorporated granitic material (i.e. feldspar megacrysts) and the formation of a highly polymerised 
feldspathic melt.

Since the behaviour of magmas of different chemical composition is governed by their physical properties 
and rheological behaviour during cooling (Sparks and Marshall, 1986; Fernandez and Gasquet, 1994), factors 
such as crystal size, crystal shape and crystallinity must play a fundamental role in controlling interstitial 
melt movement within hybrid, mechanically mixed magmas (e.g. Kerr and Tait, 1986; Hunter, 1987; Petford, 
1993). In the case of partially crystalline enclaves that have mechanically incorporated their host magma 
(usually granitic in composition), diffusive mass transfer between the two melt fractions will affect the final 
chemical composition of the enclave (cf Snyder and Tait, 1998). Despite the need to understand the 
relationship between pore structure, melt movement and diffusion in crystallising hybrid magmas, few



Electronic Geosciences 2001 Vol. 6:2 ISSN 1436-2511

studies have been made of the magmatic porosity and permeability of such systems (Petford et al., 1996; 
Pugliese and Petford, 1997).

In this paper, we investigate a suite of veined microdioritic enclaves from the Ross of Mull Igneous Complex 
(Figure 1), which formed during the selective melting and exfiltration of feldspathic magma mechanically 
incorporated into a crystallising, microdioritic magma. Using serial sectioning techniques and image analysis 
software, we examine and describe the key petrophysical properties (i.e. connectivity, tortuosity and two and 
three dimensional pore geometry) of the vein network. This study takes advantage of recent developments in 
visualisation software for personal computers (e.g. QuickTime™ movies, 3D rendering software).

Correspondence to: Stefano Pugliese (e-mail: s.pugliese@kingston.ac.uk)
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Field relations
The Ross of Mull Igneous Complex lies at the western end of the Island of Mull, Scotland (Figure 1). It 
consists of a series of syn to post tectonic calc-alkaline lamprophyric, microdioritic and monzogranitic 
bodies emplaced into Monian metasediments (P = 2-3 kb) during the closing stages of the Caledonian 
orogeny. The Rb-Sr whole rock age on the monzogranitic units is 414 ± 3 Ma (Halliday et al., 1979). The 
pluton is roughly elliptical, with its long axis trending NE-SW (Figure 1). It occupies an area of about 140 
km2, of which only half is exposed on the mainland (Figure 1). Based on a gravity survey by J. Tucson 
(Beckinsale and Obradovich, 1973), the pluton is interpreted as a wedge shaped sheet 3.5 km thick (wedge 
angle ~ 30° dipping to the east). At die eastern contact, the pluton discordantly cuts across the western limb 
of the Assapol synform.

The pluton is compositionally zoned and the sequence from core to rim is: microdiorite-diorite-porphyritic 
monzogranite-equigranular monzogranite (Figure 1). Field relationships suggest that the equigranular 
monzogranite and the microdiorites were the first magma pulses to be emplaced and that mechanical and 
chemical mixing between the two magmas resulted in the formation of the porphyritic monzogranite. 
Microdioritic magma was emplaced throughout the crystallisation interval of tire porphyritic monzogranite, 
as evidenced by the variety of textures preserved by the microdioritic enclaves. Lamprophyric and 
porphyritic microdioritic dykes, that cut across the Ross of Mull Granite but are more abundant on Iona, are 
both broadly coeval (Rock and Hunter, 1987).

Granites
The monzogranites (Figure 1) have been subdivided into two end members on the basis of textural criteria. 
The outermost member is equigranular (0.2-10 mm), consisting of subhedral plagioclase, subhedral biotite, 
interstitial polycrystalline quartz and poikilitic perthite. A gentle transition zone (~ 200 m wide) separates 
the equigranular monzogranite from a porphyritic variety containing microdioritic enclaves and felsic 
microgranular globules (Figure 1). The porphyritic monzogranite is mineralogically identical to the 
equigranular facies but contains large, euhedral, mesoperthitic alkali feldspar crystals (up to 20 mm long) 
and c. 5% hornblende in various stages of replacement by biotite.

Microdiorites
Along the southwestern coastline of the Ross of Mull, a complex suite of microdioritic bodies (Figure 2) 
preserves evidence of magma mingling with the porphyritic monzogranite. Microdioritic bodies are usually 
fragmented and deformed into microgranular (microdioritic) enclaves ranging in size from 1 cm to 1 m. The 
enclaves commonly contain varying amounts of large (~ 10 mm), resorbed feldspar xenocrysts, 
micropegmatitic clots and monzonitic globules.

Based on detailed field mapping and petrographic analysis, microdioritic enclaves have been subdivided into 
four texturally distinct populations, as described below.
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Ocellar microdiorites
These consist of small (1-2 mm) quartz ocelli mantled by biotite ± hornblende, set in a fine-grained (1 mm), 
foliated, igneous textured groundmass of plagioclase + hornblende 4- biotite ± orthoclase (Figure 3). 
Fragmented synplutonic sheets are exposed along Erraid Sound (Figure 2, inset 1) and contacts with the 
porphyritic monzogranite are sharp and planar.

Feldspar-phyric microdiorites
These are highly xenocrystic bodies characterised by abundant (10-40%), resorbed plagioclase xenocrysts 
(Figure 4), Contacts with the porphyritic monzogranite are sharp and crenulate. The microdioritic matrix 
hosting the xenocrysts shows signs of hybridisation - pink or rose-white nebulous “granitic” regions 
composed of granular orthoclase, subhedral hornblende and biotite are very common.

Homblende-phyric microdiorites
These rocks are characterised by hornblende glomerocrysts, micropegmatitic clots and monzonitic 
microgranular globules (Figure 5). Feldspar xenocrysts are particularly abundant and often show signs of 
incipient melting and the development of plumose, orthoclase mantles. The microdioritic matrix hosting the 
xenocrysts preserves a flow foliation but is hornfelsed. Contacts with the porphyritic monzogranite are sharp 
but lobate.

Veined microdiorites
In some cases, microdiorites contain a pervasive veining by monzonitic to monzodioritic material, which has 
led to the development of channel-like morphologies referred to by Petford et al. (1996) as melt channels 
(Figure 6c). The overall geometry of the channels (veins) varies, as do the textures and mineralogy of the 
microdiorites themselves. Accordingly, veined microdiorites have been further subdivided into two 
populations.

Pink-veined microdiorites are composed of decussate textured, polyhedral leucocratic veins 1-5 mm wide 
(70% albite-oligoclase, 30% orthoclase ± granophyric intergrowths ± hornblende) containing resorbed 
feldspar xenocrysts (Figure 6a, 6b). The narrower veins are almost exclusively composed of equant 
orthoclase crystals. The microdioritic groundmass in contact with the veins is commonly finer-grained and 
rich in hornblende. Generally, the matrix hosting the veins is granoblastic and contains resorbed plagioclase 
xenocrysts, poikilitic hornblende, feldspar glomerocrysts, micropegmatitic dots and monzonitic 
microgranular globules.

White leucocratic veins are grey to milky white in colour and plagioclase-rich. They are approximately 5 mm 
wide and set in a medium-grained microdioritic, panidiomorphic matrix (plagioclase + orthoclase + biotite 
± quartz). The geometry of the veins is largely radiating and dendritic (Figure 6c). Sub-rounded, 
plagioclase-rich microgranular globules and resorbed feldspar xenocrysts are common in the groundmass - 
the latter occurring in the veins themselves. Contacts with the porphyritic monzogranite are lobate and 
crenulate (liquid-liquid contacts). Sometimes, chilled margins (devoid of xenocrysts or veins) are developed 
in the microdioritic matrix.
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Results

Sample preparation and image acquisition
To determine the porosity of the leucocratic vein network, a representative pink-veined microdioritic 
enclave has been mechanically serial sectioned at 2 mm intervals (the minimum spacing achievable during 
this study) using a Highland Park Slabbing saw with a 24 inch notch rimmed blade. Serial cuts were made as 
perpendicular as possible to the vein lineation despite the complex and anastomising nature of the vein 
network. The degree of parallelism between individual slices in the depth direction is good and within a 
tolerance of ± 100 pm. The variation between the thickness of each slice is minimal (i.e. <0.1 mm) since the 
cross-feed system on the carriage of the saw is equipped with a calibrated dial accurate to ± 0.03 mm.

Once the cuts had been completed, the top and bottom surfaces of each of the 9 rock slices were wetted with 
water to enhance the contrast between the veins and the matrix before being photographed using a fine
grained, colour negative film (Agfa Ultra 50). The film negatives were then scanned at a resolution of 266 dpi 
using an Epson Filmscan 200 slide scanner and saved as 24 bit colour TIFFs. Each image is approximately 3.5 
Mb in size. Public domain image analysis software (NIH image; httD://rsb.info.nih.gov/nih-image) was then 
used to isolate the leucocratic veins from the microdioritic matrix using a number of thresholding tools.

As in previous studies using this technique (e.g. Brown et al., 1999), there are problems in accurately 
thresholding the images to separate the relevant features. In the pink-veined microdiorites, the problem 
arises because the veins show a range of colours (milky white to rose pink). As a result, the images in Figure 7 
represent two or three separate thresholded images combined into a single, composite image

2D pore structure
The thresholded images (Figure 7) acquired using the workflow described above allow the total porosity (n) 
of the vein network for each serial slice to be calculated using the modal proportions of red vs. grey pixels in 
Figure 7. The obtained variation in total porosity with depth, as estimated from individual rock slices (cf 
Figure 7), is shown in Figure 8. Estimated total porosities range from a minimum of 11% to a maximum of 
23%. Two regions of high porosity occur approximately half way through the enclave, where the veins 
combine to isolate areas of die microdioritic matrix (e.g. Figure 7, section 5U). These ‘melt envelopes’are a 
fundamental feature of the two-dimensional structure of the porosity network.

3D pore structure
The spacing between each rock slice and the consistency in slice thickness place limits on the quality of the 
3D data that can be produced. We have not attempted to assess statistically the validity of our results as a 
function of slice thickness. However, given the degree of accuracy during the slabbing procedure and the fact 
that the thickness of the veins (i.e. vein diameter) is usually greater than the amount of material removed by 
the saw blade, 3D visualisation of the vein network is inferred to be viable and useful. We acknowledge that 
image resolution would have been higher had we reduced the amount of material removed in the cutting 
procedure but emphasise that we are only concerned with the mesoscopic geometry of the veins.

3D visualisation of the vein network was achieved by vectorising the thresholded images in Figure 7, 
exporting each slice in DXF (AutoCad) format and importing the files into Extreme 3D™, a 3D rendering and 
animation package for the Apple Power Macintosh™. The images were assembled in a sequential stack, 
ensuring the distance between each slice (2 mm) was kept constant. On each slice, veins were selected and 
extruded to a depth of 2 mm. The final images were rendered at a resolution of 320 X 240 pixels on a 225 Mhz
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604e Apple Power Macintosh™ with 96 Mb of RAM and saved as a QuickTime™ animation with medium, 
JPEG compression (file size ~ 3.5 Mb).

The resultant vein (pore) structure is shown in three dimensions in Figure 9.

The enclave matrix has been false coloured in grey, with the vein network highlighted in red (Figure 9a).
Viewing the three dimensional vein network from a number of different positions and orientations using
Time™ animations (Figure 10 [3.3 Mb]), allows several important features of the vein topology to be
identified, as listed below.

1. The topology of the veins is cellular (polyhedral) and sheet-like in form (see Figure 9).
2. Three types of pore (vein) space occur within the veined microdioritic enclaves - effective or 

interconnected porosity («,), isolated pore space and dead end pore space. Only the effective porosity 
gives the veined microdiorites the ability to transport material and serial sectioning has allowed 
individual melt channels from successive slices to be traced throughout the length of the veined enclave 
(see opening frame sequences in Figure 10 animation). It is these channels that contribute to the effective 
porosity of the veined enclave.

3. Melt channels posses a tortuosity (Y), defined here as the ratio of the average path length of the flow to 
the sample length in the direction of macroscopic flow (Dullien, 1992). For the vein network, the 
tortuosity is between 1 and 2 (Pugliese and Petford, 1997). Tortuosity plays an important role in 
controlling the efficiency of material transport since it will influence both the permeability and the flow 
rate (Bear, 1972; Petford and Koenders, 2001).

4. Melt channels have highly variable cross-sectional areas (serial type pore non-uniformities) and 
channel radii.

Permeability
The permeability of the vein network will be a function of the type of porosity, pore geometry and 
physicochemical properties of the feldspathic melt. Since the properties of the monzonitic melt exfiltrating 
from the microdioritic matrix will change with time, the specific permeability (k) has been used since its 
value is independent of both the melt properties and flow mechanisms (i.e. its value is uniquely determined 
by the pore structure). The specific permeability {k) may be related either to a pore (vein) size (b) or to a 
crystal size (a) (Bear, 1972). Here, we take k in terms of pore (vein) size.

Based on serial section reconstructions (Figure 9, 10), the specific permeability of the vein network is 
modelled by considering three sets of mutually orthogonal fissures (Bear, 1972):

k = (\ -mw/ (1+ ^
12m

where a is the diameter of the matrix islands (see Figure 7) and m = (l-ne).

Interconnected porosity (i.e. melt connectivity) was determined by comparing veins from one slice to 
another and joining only those features that overlap. A simple method of representing and quantifying the 
connectivity of the veins is to construct a branch and node chart (Dullien, 1992). Branch and node charts 
have already been constructed for this microdioritic enclave (Pugliese and Petford, 1997) and the 
interconnected porosity has been estimated to be 0.17.
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Based on a ne of 0.17 and a vein diameter between 1 and 5 mm, equation (1) predicts a range in specific 
permeability of the veinedmicrodiorite of 2.7 x 10‘8 m2 to 1 x 10-9 m2.

We stress that these estimates should be treated with caution, as they represent the final stage in a complex 
exfiltration process. At the onset of melting and melt exfiltration, the amount of melt would have been low 
and melt geometries are likely to have been different. Modelling the permeability of the veins at this stage 
would merit a different approach (see Brown et al„ 1999). As the rate of melting (and hence vein size) 
increased, a percentage of the channels would have grown at the expense of smaller ones. However, the 
degree of enclave crystallinity is the main factor governing vein development since it results in a reduction in 
the vein size (volume) and a subsequent increase in tortuosity with time. The estimates for the porosity and 
permeability thus represent values that reflect conditions within the enclave at the point of freezing

Discussion
Elwell et al. (1962) describe granodioritic and quartz dioritic veins intruding dioritic bodies on the island of 
Guernsey, Channel Islands. The mineralogy and (especially) the topology of the veins hosted by dioritic 
bodies on Guernsey and on the Ross of Mull is striking (see Figure 5 in Elwell et al., 1962) and suggests the 
process responsible for the formation of the veins is important in magma mixing environments.

Whitehead and Kelemen (1994)describe how a low viscosity melt rising via porous flow through a partially 
molten zone with a higher viscosity can develop hydrodynamic (Saffman-Taylor) instabilities resulting in 
fingering phenomena and eventually develop a low viscosity vein network hosted by the higher effective 
viscosity magma (i.e. each vein is surrounded by an island of viscous magma). Hallot et al. (1996) also 
describe viscous fingering phenomena but suggest that the injection pressure and the rheological properties 
of die low viscosity melt will govern the topology of the vein network. In either case, the important conclusion 
is that the fingering phenomenon results in an increase in the surface area at the contact between the two 
magmas, which can enhance diffusive mass transfer processes between the two magmas (e.g. Snyder and 
Tait, 1998).

The presence of a monzonitic permeability network in the microdioritic enclave will have a bearing on the 
final chemical composition of the enclave. As the permeability pathways are established, the flow of 
monzonitic melt through the veins will be governed by the rate at which melting of the xenocrystic material 
proceeds. Flow rates through the veins have already been considered elsewhere (Pugliese and Petford, 1997) 
and the authors have shown that advection will be far more efficient in transferring elements within the 
enclave than diffusion alone. However, even after the monzonitic melt becomes too viscous to flow, the 
establishment of a porosity network will influence diffusive mass transfer between the monzonitic melt and 
the microdioritic matrix and, ultimately, the extent of physical and chemical homogeneity in the mixed 
(hybrid) magma.

Summary
A simple methodology has been used to examine and visualise the internal pore structure and petrophysical 
properties of veined microdioritic enclaves from two-dimensional serial sections (Figure 11).
Average enclave porosity (defined as frozen monzonitic melt) is 14%, with highest porosities (23%) occurring 
where individual melt channels coalesce into envelope-like structures (Figures 7 and 10). Using 
interconnected porosity estimates, the magmatic permeability of the vein network has been calculated and 
ranges between 2.7 x 10"s m2 to 1 x 10-9 m2. Reconstructions of the melt channel network using branch and 
node charts (Pugliese and Petford, 1997) provide a simple way of visualising the 3D geometry, connectivity 
and tortuosity of the melt network. Sophisticated computer imaging and visualisation of the vein network 
from serial slices reveal the true topology of the system and suggest that permeability models based on
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networks of cracks adequately describe the system. The importance of this kind of visualisation is that it 
provides a cheap and relatively quick method of measuring and quantifying variables such as channel 
connectivity and tortuosity that control rates of fluid flow and hence advective and diffusive mass transfer 
processes within partially molten igneous systems.
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Geological map of the Ross of Mull Granite. Based on mapping by S. Pugliese, unpublished work by R. H. 
Hunter and Reavy (pers. comm.) and work by Riley (1966), Holdsworth et al. (1987) and Potts et al. (1995).
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Fig. 2:
1:10000 geological map of the Knockvologan area. Note the spatial association of pegmatites and aplites with 
microdioritic bodies. Boundaries around microdioritic bodies are uncertain and have been drawn where the 
percentage of microdioritic enclaves in the porphyritic monzogranite is greater than or equal to 50%.
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Fig. 3:
Quartz ocellus typifying the ocellar microdiorites. The ocellus is mantled by a thin veener of hornblende, 
biotite and titanite aligned parallel to the ocellus surface. Note that the quartz ocellus is actually made up of 
smaller units of quartz (recognised by the slight differences in extinction angle) and that the fluid inclusion 
planes (FIP‘s) cut through the internal boundaries of theocellus and the FIP‘s. Field of view = 4.5 mm.
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Fig. 4:
Polished slab of feldspar-phyric microdiorite in contact with porphyritic monzogranite (right hand side of 
slab). Note (a) resorbed plagioclase feldspars (white), (b) small microgranitic globule and (c) nebulous 
patches of granitic material within the microdioritic matrix. Field of view = 18 cm.
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Fig. 5:
Sub-spherical, felsic microgranular globule hosted by hornblende-phyric microdiorites. Note the abundance 
of euhedral/subhedral hornblende (black) crystals associated with nebulous, “granitic” patches. Plagioclase 
megacrysts (white) are typically subrounded and embay the globule (see right hand side of globule). Biotite 
within the globule is acicular. Scale bar is 5 cm
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Fig. 6a:
Pink leucocratic vein composed of decussate textured plagiodase. Other phases within the veins include 
orthoclase, apatite, hornblende, titanite and minor calcite. The microdioritic matrix hosting the veins is 
granoblastic and hornfelsed (top and bottom of photo).Note the abundance of hornblende at the contact 
between the vein and the matrix. Field of view = 9 mm.
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Fig. 6b:
Granular alkali feldspar embaying a plagioclase xenocryst. The megacryst forms part of a pink leucocratic 
vein (to the right of photo). Note a concentric zone of intense alteration surrounding the plagioclase 
megacryst. Field of view = 9 mm.
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Fig. 6c:
Radiating and dendritic morphology of leucocratic veins hosted by white veined microdiorites. Note (a) a 
crude foliation defined by the veins which runs E-W across the photo and (b) the absence of veining in the 
upper half of the photo as the contact with a porphyritic monzogranitic dyke is approached. Lens cap is 50 
mm wide.
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Fig. 7:
Image-enhanced serial slices through a pink-veined microdioritic enclave. The letters T and U after the 
numbers refer to the top and underside of the slice respectively. The red areas are the monzonitic veins and 
define the remnant magmatic porosity of the veined microdiorite. The grey areas are the microdioritic 
matrix. Note the crude polygonal geometry of the porosity and the tendency of larger polygons to form melt 
envelopes (me) and microdiorite islands (mi).
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Fig. 8:
Variation in total porosity with depth through the veined microdioritic enclave. Note how the formation of 
melt envelopes and microdioritic islands (see Figure 7) coincides with regions of high porosity.
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Fig. 9:
Snapshots of the monzonitic vein network based on images from the QuickTime™ movie (Figure 10) [3.3 
Mb]. In (a), the veins are false coloured in red and the enclave matrix in light grey. Images (b) to (d) are 
different views of the vein network, based on rotation of image (a) around the y (vertical) axis.
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Fig. 10:
QuickTime™ [3.3 Mb] animation of the melt topology in a pink-veined microdioritic enclave. The red areas 
represent the former monzonitic melt fraction hosted by the microdioritic matrix (not shown). The initial 
frames in the animation show the sequential stacking order of the slices to produce the images shown in 
Figure 9. Note (a) the cellular and sheet-like morphology of the veins in the z-direction and (b) how the 
polyhedral structure is continuous throughout the length of the sample (in the z-direction). To appreciate 
the finer details of the melt structure, the animation should be viewed slowly by either (i) using the right and 
left arrow keys to advance and rewind the animation respectively or (ii) using the slider bar at the bottom of 
the QuickTime™ window.
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Fig. 11:
Work flow used to aquire the images and QuickTime™ 
animation seen in Figure 9 and 10 respectively.
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ABSTRACT
Thermal and fluid-dynamical analyses suggest that for viscosities 

and density contrasts spanning the range considered typical for many 
calc-alkalic granitoids, dike ascent is a viable mechanism for the trans
port of large volumes of granitoid melt through the continental crust. 
We present calculations showing that a granitoid melt with calculated 
viscosity of the order of 106 Pa ■ s and a density contrast between 
magma and crust of 200 kg/m3 can be transported 30 km through the 
crust in ~1 month, corresponding to a mean ascent velocity off cm/s. 
Using analysis modified from numerical studies of the flow of basaltic 
magmas in dikes, we also present an expression that allows the cal
culation of the critical (minimum) dike or fault width required for 
granitic magma to ascend without freezing. For all reasonable esti
mates of Cordilleran granitoid viscosity and density contrast, the crit
ical dike width is determined to be between ~2 and 7 m. Calculated 
peak batholith-filling rates are orders of magnitude greater than mean 
cavity-opening rates based on estimated fault slippage, which is con
sistent with chemical evidence for intermittent supply of magma 
pulses.

INTROBUCTION
To say that granitoids make up a significant part of the upper- 

middle continental crust at active plate margins is almost a cliche. 
The vast Mesozoic-Cenozoic batholiths that lie along the western 
continental margin of North and South America contribute signifi
cantly to the total crustal volume in these regions. Many also contain 
a large component of mantle-derived material, implying that these 
rocks are instrumental in crustal growth (e.g., DePaolo, 1981; Miller 
and Harris, 1989). Much progress has been made in recent years in 
understanding the origin of these rocks on chemical and isotopic 
grounds (Pitcher et al., 1985; Anderson, 1990). In contrast, the phys
ical mechanisms that govern the ascent and emplacement of gran
itoid magmas are much less well understood.

Recent studies of granitoid emplacement in Cordilleran and 
magmatic arc settings have emphasized the important role played by 
regional-scale tectonics, especially strike-slip fault systems, in cre
ating space for batholithic magmas in the upper crust through the 
generation of tension cracks and dilational jogs (Glazner, 1991; Pet- 
ford and Atherton, 1992; Tikoff and Teyssier, 1992). It is implicit in 
these models that magmatic ascent, as well as emplacement, is fun
damentally controlled by the same fault systems, which act as con
duits by channeling large volumes of granitic magma through the 
crust. Because batholithic magmatism is a principal means of crustal 
differentiation (Silver and Chappell, 1988), reasonable estimates of 
the time scales over which ascent and emplacement operate are 
crucial to our wider understanding of the geodynamic evolution of 
active continental margins.

In this paper, we focus on the role of dikes in transporting 
granitoid magmas from their lower crustal-upper mantle source re
gions to their final level of emplacement. We take as an example a 
typical Cordilleran batholith from the Peruvian Andes that is rela
tively well understood in terms of field geology and general tectonic 
setting. Viscosity and density values for these rocks, estimated from 
major element data, are combined with geophysical measurements 
of the crustal column beneath the batholith to estimate the time
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required for magmatic ascent. Motivated by the efficiency of dike 
transport for these magmas on both fluid-dynamical and thermal 
grounds, we used granitoid examples with well-determined petrol
ogy and tectonic environments to estimate the range of minimum 
dike widths that may be found in Cordilleran and magmatic arc 
settings.

JUSTIFICATION FOR DIKE-FLOW ASCENT
The established idea that granitoid magmas ascend through the 

continental crust as diapirs is being increasingly questioned by ig
neous and structural geologists. In particular, many of those bodies 
that were once considered classic diapirs, such as the Ardara, 
Criffel, and Chindamora plutons, have been remterpreted as bal
looning plutons whose geometries are not controlled by ascent but 
by emplacement (Holder, 1979; Coumoux, 1987; Ramsay, 1989; see 
also Bateman, 1985). Cordilleran batholiths exposed in the Andes 
are typically elongate bodies found in close spatial and temporal 
association with large-scale faults and crustal lineaments, them
selves parallel with the continental margin and the trench. This first- 
order relation has led many authors to conclude that the faults them
selves are responsible not only for controlling magma emplacement 
but ascent as well (Pitcher, 1979; Cobbing et al., 1981; Petford and 
Atherton, 1992). The recent literature contains many examples of 
fault-controlled models of granite emplacement (e.g., Hutton, 1982, 
1988; Guineberteau et al., 1987; Reavy, 1989), and many acknowl
edge implicitly the role of faults, fractures, or shear zones in magma 
transport, during either extension or compression (e.g., Castro, 
1987; Brun et al., 1990; Schmidt et al., 1990; D’Lemos et al., 1992; 
Hutton, 1992). Although the possibility of diapirism as an ascent 
mechanism is not totally excluded (Miller et al., 1988; England, 
1990), the pluton geometries, the lack of classic country-rock struc
tures such as rim synforms and symmetric high-strain zones in and 
around Andean batholiths, and the close proximity of the batholiths 
to major faults together suggest that diapiric ascent was not the 
transport mechanism in these instances. Because of the close asso
ciation of these rocks with major fault systems, it seems reasonable 
to assume that these long-lived crustal discontinuities have been 
periodically used by batholith magmas (Pitcher, 1979).

Most recently, Clemens and Mawer (1992) have proposed a 
mechanism for granitoid magma transport involving fracture prop
agation. In this model, based on earlier work by Cook and Gordon 
(1964) and. Pollard (1977), magmas themselves generate the tensile 
stress conditions in the crust necessaiy for their ascent. Faults and 
shear zones are important as mechanisms for controlling the em
placement of granitoid magmas, but only if they are first intersected 
by a self-propagating dike. We take a slightly different and mechan
ically more simplistic view here by assuming that the deeply pene
trating faults and lineaments themselves act as feeder dikes.

CORDILLERA BLANCA BATHOLITH
To estimate the effectiveness of dike-controlled magmatic as

cent at active plate margins, we take as an example the Cordillera 
Blanca batholith, northwest Peru (Fig. 1). The batholith, composed 
mainly of leucogranodiorite (Egeler and DeBooy, 1956; Atherton 
and Sanderson, 1987), lies over the thickened crustal keel of the
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Figure 1. Geologic sketch map of Andean Cordillera in northern-central 
Peru showing Cordillera Blanca batholith and associated fault complex 
(from Atherton and Petford, 1993).

Andes (James, 1971), which reaches depths of nearly 70 km in this 
region. K-Ar and Ar-Ar analyses have given mineral cooling dates 
between —6 and 3.0 Ma for the central region of the intrusion (Wil
son, 1975; Petford, 1990), which would make the Cordillera Blanca 
one of the youngest known bathohths exposed in the Andes. The 
intrusion is over 150 km long and up to 20 km wide, with a vertical 
relief of 2 km in the most deeply eroded glacial valleys. A spectac
ular feature of the batholith is that the entire western margin abuts 
and is strongly deformed by the Cordillera Blanca fault complex, a 
major tectonic lineament believed to have been active since the Ju
rassic (Cobbing et al., 1981). Deformation fabrics in the batholith 
suggest that emplacement occurred over the crystallization interval, 
during a period of active extensional faulting with a component of 
right-lateral strike-slip motion (Petford and Atherton, 1992). The 
strongly asymmetric synmagmatic and postmagmatic deformation 
along the western fault-bounded flank of the batholith was taken by 
Petford and Atherton (1992) as evidence that the fault system also 
played a major role in magmatic ascent and emplacement.

PHYSICAL PROPERTIES OF MAGMA AND CRUST
To model the ascent of the batholith magmas it is first necessary 

to estimate two physical properties, viscosity and density, that to
gether fundamentally control magmatic ascent rates. Typical den
sities of calc-alkalic magmas range from —2700 to 2400 kg/m3, and 
estimated melt viscosities are — lO4-!©8 Pa-s (Carmichael et al., 
1974; McBimey, 1984). Following the method described by Shaw 
(1972), we used the average of 33 whole-rock analyses covering a 
range in Si02 of 70-73 wt% to estimate a mean magmatic viscosity 
p. of — 8 x 10s Pa-s for the Cordillera Blanca leucogranodiorites. This 
value was calculated by assuming a crystal-free melt at 900 °C with

1.5 wt% H20 estimated from the analyses. The same data were US' 
to calculate a mean magmatic density p of 2600 kg/m3 (Bottinga 
al., 1983). Geophysical seismic and gravity surveys have been usi 
to model a three-layered crustal structure beneath central Peru wi 
a mean density of 2800 kg/m3 (James, 1971; Couch et al., 198: 
which gives a mean density contrast between magma and count 
rock of 200 kg/m3. The chosen value of 30 km for the dike length th 
we used in this study is in keeping with the observation of Miller 
al. (1988) that granitoid magmas commonly traverse most of t! 
continental crust; the value is also consistent with recent geochei 
ical evidence implying a deep crustal source for the batholith ma 
mas (Atherton and Petford, 1993).

DIKE FLOW
Given the above physical properties, we now consider therm 

effects during the ascent of granites. The solidification or melting 
a buoyant magma during laminar flow in a dike of length H ai 
uniform initial width w is controUed by three dimensionless parai 
eters (Bruce, 1989; Bruce and Huppert, 1989, 1990). The fu 
parameter,

B = gApw/Vp-K//, (

represents the ratio of advection of heat by the flow to conductk 
of heat into the walls, where the gravitational acceleration g = 9 
m/s2, Ap is the difference in density between the magma and tl 
crust, k = 8 x 10-3 cm2/s is the thermal diffusivity, and p, is tl 
magmatic viscosity. The other two parameters are Stefan numbei

Soo = L/c(Tw - Tx)

and (

= L/c(Tm — Tw),

where L is the latent heat of solidification, c is the specific heat, j 
is the far-field temperature of the crust, Tm is the initial magma! 
temperature, and Tw is the temperature at which magma near tl 
dike wall is immobile and effectively frozen. Detailed analys 
(Bruce, 1989) has shown that the thermal evolution of the flow c; 
be predicted by the single parameter \ = BStJS^. If \ is less than 
critical value, then the dike will freeze before it has time to transpc 
a significant volume of magma; if \ is greater than this value, th< 
the dike will remain open until the supply is exhausted and flo 
ceases. Using this result and the numerical calculations by Bru< 
and Huppert (1989, 1990) for basaltic magmas, it can be shown th 
the critical dike width wc required to transport granitic melt throuj 
the crust is estimated as follows:

wc = (

RESULTS
The critical dike width is shown in Figure 2 for a range in valu 

of p. and Ap, based on the following: dike length H = 30 km, late 
heatL = 300 J/g, specific heatc = 1.2J-1-°C-1, and initial, freezin 
and far-field temperatures Tm = 900 °C, 7W = 750 °C, and 
400 °C, respectively. The shaded region represents the range of l 
values likely to be found during granitoid ascent in typical crust 
conditions. For granitoid magmas with a wide viscosity range < 
K^-IO8 Pa-s, the critical dike width is well constrained to a range ■ 
—2-20 m. The tightness of this constraint is due to the weak depe 
dence of wc on the viscosity and density difference in equation 3. / 
a result, predictions of the critical dike width are robust. Figure 
also includes data for several tonahtic to granodioritic plutons fro 
the Cordilleran and magmatic arcs of the Andes and western Unih 
States. For comparison, a two-mica leucogranite from the Karak
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Figure 2. Contours of 
critical dike width wc re
quired for magma ascent 
without freezing, calcu
lated with equation 3 and 
parameter values in text, 
as a function of the den
sity contrast Ap between 
magma and country rock 
and the magmatic vis
cosity p. Shaded region 
shows range in density 
contrast (100-300 kg/m3) 
likely to be found by gra
nitic magma under ana- 
tectic conditions in mid
dle to lower continental crust. CBB—Cordillera Blanca batholith (Retford, 
1990); PRD1, PRD2—Puscao ring dikes, Peru (Bussell, 1988); CTG— 
central Chilean Tertiary granitoids (Lopez-Escobar et al., 1979); WPRB— 
average western Peninsular Ranges batholith (Silver and Chappell, 1988; 
Couch and Riddihough, 1989); GTS—Great Tonalite Sill, Alaska (Roddick, 
1983); MGG—Mount Givens Granodiorite, Sierra Nevada (Bateman and 
Nokleburg, 1978; Dodge and Bateman, 1988); BB—Baltoro batholith 
(Searle et al., 1992).

ram Baltoro batholith (BB) is also included (Searle et al., 1992). 
Without exception, wc lies in the range 2-7 m for the Cordilleran and 
magmatic-arc granitoids. The Baltoro batholith, although driven by 
a relatively high density contrast, requires a larger width of ~20 m 
in order to counteract its significantly higher viscosity. From the 
calculations we conclude that dike transport is a thermally viable 
process for reasonable dike widths over a range of viscosities that 
encompasses most granitoid magmas.

In Figure 3, the critical dike width is shown for a range of values 
of the superheat Tm - Tw and undercooling Tw - Tm based on the 
values of 106 Pa-s for magmatic viscosity and 200 kg/m3 for mean 
crustal density difference, which may be considered typical for most 
Cordilleran granitoids. We see again that critical dike widths are in 
the range 2-20 m.

SPECIFIC CASE
For the Cordillera Blanca batholith we take the mean crustal Ap 

to be 200 kg/m3, the magmatic viscosity p, to be 8 x 105 Pa-s, and the 
fault length H to be 30 km. We find from Figure 2 that the critical 
dike width is ~6 m. This width corresponds to a horizontally aver
aged velocity (Fav = ^Apw^/12 p,) of 1 cm/s, an ascent time for the 
magma of about 41 days, and a time to fill the batholith (minimum 
estimated volume Q = 6000 km3) by a dike of lateral extent l = 10 
km,

A/ = Q/Vavwcl, (4)

Figure 3. Contours of 
critical dike width (in me
tres) as function of mag
matic superheat Tm - Tw 
and undercooling Tw - 
r„ for magmatic viscos
ity of 10® Pa s and Ap 
of 200 kg/m3. CBB de
notes Cordillera Blanca 
batholith.

continued to feed the batholith for ~6 months after supply had 
ceased and before it finally solidified.

It is worth emphasizing here that dikes, once they begin to 
form, cannot close completely from the bottom upward because it is 
impossible to expel viscous magma completely from a narrow gap 
(Lister and Kerr, 1991). Thus, the mechanism for the formation of 
magma pulses suggested by Weertman (1971,1980), Takada (1990), 
and Clemens and Mawer (1992) will not operate during magma trans
port because it is essentially based on an inviscid theory. However, 
it is evident that many granitoids including the Cordillera Blanca 
batholith do show a fine chemical structure that may reflect the 
incomplete mixing at the emplacement level of discrete magma 
batches or pulses. We propose that a more likely explanation for the 
pulsed nature of some granitoid intrusions is a decrease in the vol
ume of granitoid melt available for extraction from the source rocks. 
A progressive draining of the magma at the source will lead to a 
steady decrease in the dike width until its thickness becomes small 
enough for the magma to freeze. Melt may then accumulate in the 
source until a new dike begins to form, either directly (Clemens and 
Mawer, 1992) or by large-scale tectonic motions. The volume of 
such pulses will thus be governed by the dynamics of the source 
supply rather than by the elastostatic theory of Weertman.

As a final point, we note that our calculated batholith filling 
times of a few hundred years are many orders of magnitude less than 
total emplacement time scales based on the estimated slip rates (0.7 
cm/yr) believed to be applicable to some faults during granitoid em
placement (Tikoff and Teyssier, 1992), consistent with the evidence 
for a pulsed supply.
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of 350 yr. Clearly, this time of active flow is likely to be divided into 
a number of smaller events interspersed by periods of source re
charge. These simple calculations show that the transport of large 
volumes of granitoid magmas by dikes can be surprisingly fast (see 
also Clemens and Mawer, 1992).

DISCUSSION
These calculated values of wc are typically larger than the 1-4 

m widths of felsic dikes reported by Cony (1988). However, as 
pointed out by Bedard and Sawyer (1991) and Clemens and Mawer 
(1992), any final dike thickness observed in the field may well be 
much smaller than the original width during active flow. This is 
because the process of emplacing a finite amount of magma at some 
crustal level will also act to progressively drain the dike of magma 
as flow wanes. For example, the 6 m dike proposed for the Cordillera 
Blanca batholith would drain to a width of about 2 m if the dike
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LITHOS ABSTRACT

The results of a thermal and fluid-dynamical analysis are presented that allow geologists to estimate the 
critical dyke or fracture width (wc) necessary for the transport of felsic magma through the crust without 
control by solidification. The principal geological variables required to estimate wc are the magmatic 
viscosity (/z), the density and temperature contrasts (Ap and AT) between magma and country rock, and 
the height of ascent H. The results show that for typical values of p and Ap, and for transport distances of 
20 to 30 km, the critical dyke width is constrained to lie between about 2 and 20 m.

Introduction

A proliferation of field-based studies over the last 
decade have demonstrated the fundamental control 
exerted by crustal discontinuities such as faults and 
shear zones on both the ascent and emplacement of 
granitic magmas (e.g. Hutton, 1982, 1988; Castro, 
1987; Brun et al, 1990; Hutton et al., 1990; Schmidt 
et al., 1990; D’Lemos et al., 1992; Petford and Ath
erton, 1992). From a consideration of the recent 
literature it seems that several mechanisms, oper
ating under the wider influence of regional tectonic 
activity, are set to replace the older idea of diapir- 
ism and provide new paradigms for granitoid as
cent. Differing only in the regional stress conditions 
(compressive or extensional), these mechanisms all 
relate to a common process whereby felsic magmas 
rise through the crust to their final levels of em
placement by either generating or exploiting faults, 
fractures or conduits of some kind. This concept is 
not in itself new (see for example: Anderson, 1936; 
Pollard and Johnson, 1973; Pitcher, 1979). How
ever, realization that classic granitic “diapirs” such 
as Ardara, Cannibal Creek, Arran and Chindamora

'Present address: School of Geological Sciences, University 
of Kingston, Kingston-upon-Thames, KT1 2EE, England

developed their geometries in situ at emplacement 
level through the process of ballooning (Holder, 
1979; Bateman, 1985; Ramsay, 1989; see also Cloos, 
1925), has highlighted the problems in equating 
emplacement mechanisms with those of transport 
and ascent. While acknowledging that a fault-con- 
trolled emplacement mechanism is not in itself a 
posteriori evidence for fault-controlled magmatic 
ascent, we show that unlike diapirism, the ascent 
through the continental crust of felsic melts via faults 
or dykes can be strongly supported on thermal and 
fluid-dynamical grounds.

The ascent and emplacement of felsic magmas

From consideration of the literature magmatic 
emplacement, and by inference magmatic ascent, 
has been thought of as exploiting either pre-existing 
faults or fractures by the following mechanisms:

(1) Ascent during net extension ± lateral motions: 
e.g. Main Donegal (Hutton, 1982); Mortagne 
(Guineberteau et al., 1987); Rapakivi granite, S. 
Greenland (Hutton et al., 1990); Xanthi pluton, N. 
Greece (Koukoukevlas and Pe-Piper, 1991); 
Coastal Batholith, Peru (Atherton, 1990); Cordil-

0024-4937/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved. 
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lera Blanca Batholith, Peru (Petford and Atherton, 
1992) and

(2) Ascent during net compression^lateral mo
tions: e.g. Extremadura batholith (Castro, 1985); 
The Chemehuevi Mountains (John, 1988); Sierra 
de Freita, Portugal (Reavy, 1989); Ox Mountains 
(McCaffrey, 1992); Great Tonalite Sill (Hutton and 
Ingram, 1992); Brittany Leucogranites (D’Lemos 
et ah, 1992); Papoose Flat Pluton (Law et al, 
1992); Sierra Nevada (Tikoff and Teyssier, 1992).

(1) and (2) are of course end-members, and al
though there is some disagreement between the 
transtensionists (1) and the slightly more contro
versial transpressionists (2) as to exactly how a 
magma can rise through the crust while under 
compression, there seems to be good field evidence 
that this can indeed be the case (D’Lemos et al., 
1992; Hutton and Ingram, 1992; Tikoff and Teys
sier, 1992).

Dykes and diapirs

In a recent paper, Clemens and Mawer (1992) have 
shown that the transport of felsic magmas in dykes 
or fractures is an extremely efficient mechanism that 
can result in magmatic ascent rates up to five orders 
of magnitude faster than diapiric rise. These au
thors provide an excellent overview of the relative 
merits of diapirism versus dyke propagation and 
only the salient points that distinguish these pro
cesses from each other in fluid-dynamic terms are 
reviewed here. As a helpful reminder, typical trans
port distances of granitoid magmas are generally 
thought to be in excess of 20 km (Miller et al., 19 8 8; 
Clemens and Mawer, 1992).

In an extensive numerical study of diapirism, 
Marsh (1982) used a modified form of Stokes law:

vJj^? (1)
9/4

to model diapiric ascent. He showed that the ascent 
rate (V) is controlled principally by the viscosity of 
the country rock (/O and, to a lesser extent, by the 
radius of the softened zone or thermal aureole {d) 
surrounding the rising diapir. The effect of the vis
cosity of the magma itself was found to be negligi
ble, but even for the two limiting cases of zero and 
infinite magmatic viscosity, the change in the nu

merical factor in Eq. (1) varies only between 1/3 
and 2/9 (Batchelor, 1967, eq. 4.9.30).

In stark contrast to diapiric rise, the ascent of fel
sic magmas through dykes had received little atten
tion until the recent discussion by Clemens and 
Mawer (1992). This is surprising given the amount 
of work that has been done to model the flow of ba
saltic magma in dykes (e.g. Delaney and Pollard, 
1981; Wilson and Head, 1981; Bruce and Huppert, 
1990; Spence and Turcotte, 1990; Lister and Kerr, 
1991). Simple pipe-flow equations for magma in a 
tabular dyke show that the average velocity (Vavs) 
of the flow will take the general form:

gApw2 
ave" 12/4, (2)

where w is the width of the dyke or fracture. Writ
ten in this way, Eq. (2) appears similar to Eq. (1), 
with the buoyancy contrast (gAp) between magma 
and country rock acting as the driving force for both 
diapiric and dyke-controlled magmatic ascent. 
However, these expressions differ fundamentally in 
that the viscosity in Eq. (1) is that of the country 
rock, while in Eq. (2) /zm relates specifically to the 
magma within the dyke. Thus, the more viscous the 
magma, the slower the ascent rate.

Melt viscosity, H20 and volatiles *

The assumption that granites rise as crystal-laden 
mushes, or even solids, with viscosities close to that 
of the crust itself (ca. 1015-1Q19 Pa-s) has often been 
used to argue that granitic magmas are simply too 
viscous to move through dykes (e.g. Kukowski and 
Neugebauer, 1990). However, the estimated vis
cosity range of hot (~900-1000°C) crystal-free 
tonaliticto rhyolitic liquids is 104to 10s Pa-s (Car
michael etal., 1974; McBimey, 1984; Bacon, 1992), 
many orders of magnitude less than the values com
monly used in numerical models of granitic diapir
ism. Recent experimental results suggest that even 
these values may be further reduced if water and 
other volatile elements are present in the melt phase. 
For crystal contents less than approximately 30% 
(Shaw, 1965; Arzi, 1978), the main controls on the 
magmatic viscosity are temperature, Si content and 
H20, along with B, F and P205 (for a review see 
Dingwall et al, 1993). In particular, the strong re
duction in melt viscosity with increasing wt.% H20
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demonstrated by Shaw (1965) has important im
plications for dyke transport of granitoid melts, and 
is discussed further below.

Critical dyke width

A simple mathematical analysis of dyke flow is given 
in the Appendix. Here the results of Eq. (7) are pre
sented in a form that can be used to estimate the 
critical minimum dyke width, wc, needed for felsic 
magma to ascend through the crust without freez
ing. The analysis suggests that the dyke width plays 
a fundamental role in controlling magmatic ascent 
and that small changes in wc will easily counteract 
order-of-magnitude changes in the magmatic vis
cosity. The critical dyke width for melt ascent is:

where k is the thermal diffusivity, H is the height of 
the fault or dyke and Sm and are Stefan numbers 
defined by Eqs. (5b) and (6b) of the Appendix. 
Given reasonable estimates of commonly observed 
density and temperature contrasts within the con
tinental crust, and a typical range of calc-alkaline 
granitoid viscosities of 104-108 Pa s, we find that 
wc is constrained to lie between about 2 and 20 m.

This result is shown in a simple way in Fig. 1 
where values of wc for a variety of granitoids from 
different tectonic settings are compared. Crystal-free 
magmatic viscosities and melt densities of these 
rocks have been estimated using the methods of 
Shaw (1972) and Bottinga et al. (1983). Where 
possible, quoted liquidus temperatures, emplace
ment pressures and water contents have been in
cluded in the viscosity calculations. For simplicity 
of presentation, however, we have used the com
mon values 7/=30 km, T{— Too = 350oC, 
ri-rf=150oC,c=1.2Jg-loC-1,L=300Jg-1and 
k=8x 10-7 m2s-1 since the computed values of wc 
are relatively insensitive to these parameters (Pet- 
ford et al., 1993).

As an example, the Flamanville granite in north
ern France is representative of a plutonic body con
sidered to have been inflated in situ by felsic melts 
that traversed at least 15 km of continental crust 
along a steeply dipping pre-existing fault (Brun et 
al., 1990). Taking an estimated magmatic viscosity

h'c (m)

'MGG,

Fig. 1. Plot of density contrast between magma and country 
rock (/ip) as a function of magmatic viscosity over a range of 
typical calc-alkaline granitoid viscosities from differing tec
tonic settings where there is some estimate of the mean crus
tal density from geophysical studies. Numbered contour lines 
represent the critical dyke width (w,.) required for magmatic 
ascent, calculated using Eq. (3). As >vc is a function only of 
the 1/4 power of Ap and p in Eq. (3), it is constrained to lie 
in a relative narrow range of between ca. 2 and 16 m for the 
indicated viscosities. CBB, Cordillera Blanca Batholith 
(Couch etal., 1981; Petford, 1990); F7?Z)2Puscao Ring 
Dykes, Peru (data from Bussell, 1988); CTG, Central Chil
ean Tertiary granitoids (data from Lopez Escobar et al., 1979; 
Omarini and Gotze, 1991); WPRB, Peninsular Ranges Bath
olith, (data from Silver and Chappell, 1988; Couch and Rid- 
dihough, 1989); GTS, Great Tonalite Sill, Alaska (data from 
Roddick, 1983; Hutton and Ingram, 1992); MGG, Mount 
Givens Granodiorite, Sierra Nevada (data from Bateman and 
Nokleburg, 1978, Dodge and Bateman, 1988); MD, main 
Donegal (data from Pitcher and Berger, 1972; Young, 1974); 
F, Flamanville alkali granite (data from Brun et al., 1990); 
M, Mortagne granite, France (data from Guineberteau et al., 
1988); SM, St Malo leucogranites (data from Brown and 
D’Lemos, 1991); BB, Baltoro granite, central Karakoram 
(data from Searle et al., 1992; Verma and Prasad, 1987).

of 106 Pa-s and a density difference of 200 kg m-3, 
Eq. (3) gives an estimated critical width wc~ 7 m. 
(Fig. 1).

The positions of the various granitoid bodies in 
Fig. 1 can be related in a broad sense to their known 
tectonic settings. For example, all of the Cordil- 
leran or magmatic-arc granitoids (tonalites and 
granodiorites of the Andes and Western US) plot 
together on the left-hand side of the diagram. This 
is a direct result of the relatively low viscosities of 
these melts and the high density contrasts that char
acterize Cordilleran belts underlain by deep mafic 
roots. The granitoids of northern France and Do
negal plot in the centre of the diagram. These higher
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Fig. 2. Plot showing the viscosity reducing effect of wt.% H20 
on a hypothetical granitic melt (72 wt.% Si02), and the ac
companying decrease in wc based on a density difference 
dp=200 kg nr3. The other parameters are as given in the text.

silica (higher viscosity) melts were generated and 
emplaced during periods of regional deformation 
and are regarded as classically syntectonic. Finally, 
the highest viscosities of all are found in the two 
mica leucogranites of Brittany and the central Ka
rakoram, both of which represent, in the broadest 
sense, melts associated with tectonic thickening of 
the continental crust. However, the important con
clusion, despite the variations between different 
tectonic environments, is that large volumes of 
magma can be rapidly transported through the crust 
to their level of emplacement in dykes that are of 
order a few metres in width.

Figure 1 also shows that increased magmatic vis
cosities require somewhat larger critical dyke widths 
to sustain flow and prevent freezing. As discussed 
above, the viscosity and hence the critical dyke 
width are dependent on the volatile content of the 
magma. This relationship is shown in Fig. 2, where 
wc is plotted as a function of viscosity and water 
content for a hypothetical granitic melt with a Si02 
content of 72 wt.% and a dry liquidus temperature 
of 9000 C. The effect of increasing the water content 
from 0 to 10 wt.% is to produce a drop in melt vis
cosity at 900 °C of over 6 orders of magnitude, from 
8.1 log Pa s at 0% H20 to 1.9 log Pa s at 10 wt.% 
H20. The variation in the critical dyke width is very 
much less.

Granite dykes in the field

Supporting field evidence for the existence of 
narrow (~ 1-5 m) but laterally persistent acid dykes

as feeders for laccolith intrusions is given by Corry 
(1988). Leucogranite dykes of the order of 10 to 
100 cm in width, often intruding subvertically along 
normal faults, have been reported by Reddy et al. 
(1993) from the Langtang Valley, Nepal. Although 
generally high in Si02 (> 70 wt.%), many are tour
maline-bearing, which suggests that the narrow ob
served widths may be due to the viscosity-reducing 
effects of boron. An extensive network of granite 
dykes is also found in the vicinity of the Himalayan 
Manaslu leucogranite (LeFort, 1981). The sheeted 
complexes described recently from the Ox moun
tains and Great Tonalite Sill, Alaska (Hutton and 
Ingram, 1992; McCaffrey, 1992) also provide some 
field constraints on wc, especially since sheeting it
self has been taken as a means of magmatic ascent 
(Hutton, 1992). In the Ox Mountains, the steeply 
inclined sheets that make up the intrusion have 
lengths in excess of 2000 m and widths of between 
ca. 1 and 3 m (McCaffrey, 1992). Similarly, the 
Great Tonalite Sill is comprised of sheets with 
widths of 50 m or less (Hutton and Ingram, 1992). 
Given the relatively low viscosities of tonalitic 
magmas, these field data are not inconsistent with 
an estimated wc of less than 2.5 m (GTS, Fig. 1). 
The values are, however, substantially less than the 
kilometre-sized dyke widths envisaged by D’Lemos 
et al. (1992) for the Hercynian leucogranites in the 
Armorican Massif.

When making comparisons with field observa
tions, it is worth considering the possibility that the 
final solidified dyke may well be much narrower 
than the original width during active flow. Follow
ing a cessation of supply from its source, a dyke will 
drain upwards and thin until the width is small 
enough for solidification to trap the remaining 
magma. We note, however, that since draining times 
increase and solidification times decrease with de
creasing width, the dyke can never drain completely.

Discussion

In their analysis of granitic magma transport by 
fracture propagation, Clemens and Mawer (1992) 
point out that batholiths may well be fed by a num
ber of dykes delivering relatively small amounts of 
melt in discrete batches. This mechanism of bath- 
olith construction accounts well for the geochemi
cal and isotopic heterogeneities that characterize
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many plutonic systems (e.g. Coastal Batholith of 
Peru, Pitcher et al., 1985; Lenister granite, Mohr, 
1991) as well as some radiometric cooling age rela
tions (e.g. the Himalayan Manaslu leucogranite, 
Copeland et al., 1990). If flow were continuous then 
batholith filling times based on wc and the mag
matic ascent rate Eq. (2) would be as short as a few 
hundred years for batholith volumes of several 
thousand km3 (Petford et al., 1993). These short 
timescales and large volumes suggest that the dura
tion of each period of active flow is limited by the 
amount of magma present in the source region. As 
the available melt is drained by the dyke, the flow 
rate will drop and the dyke width will narrow until 
freezing occurs. One can envisage relatively brief 
periods during which the dykes or conduits contain 
rapidly ascending magma, followed by longer pe
riods of quiescence during which the dyke or fault 
system is closed. The primary evidence for the du
ration of magma passage through such dykes would 
be the presence and width of a metamorphic au
reole close to the vicinity of the conduit (cf. the cor- 
dierite-bearing shear zones of the North Armorican 
Massif, D’Lemos et al., 1992). Even this may not 
be present if the periods of active flow are suffi
ciently brief, or the wall rocks are unable to develop 
high-temperature aureole assemblages due to their 
composition.

An important open question is why the majority 
of ascending felsic melts apparently become trap
ped and emplaced within the upper crust to crystal
lize as plutons, while a few appear able to traverse 
the crust and erupt as ash-flow tuffs without any ap
preciable residence time in shallow magma cham
bers (Stormer and Whitney, 1985). Similar ques
tions arise concerning the eruption or emplacement 
of mafic magmas (e.g. Walker, 1989; Rubin, 1990; 
Lister et al., 1991). The traditional argument used 
to explain the transition between magmatic ascent 
and magmatic emplacement appeals to the concept 
of neutral buoyancy. This simple consideration must 
be modified to take account of the facts that any 
magma chamber of significant vertical extent must 
straddle its equilibrium level (Lister and Kerr, 
1991) and that the level of neutral equilibrium can 
be shifted from the density crossover by vertical 
gradients in the regional stress (Rubin, 1990). Other 
controls on the height of magmatic ascent such as 
intersection with existing magma bodies, freely

slipping joints or dilational jogs in shear zones are 
worth further investigation.

A second open question is why many granitoid 
plutons become emplaced and subsequently de
formed within fault zones. An obvious focusing 
mechanism, and one in keeping with the majority 
of recent field studies, is the intersection of ascend
ing melts with active shear zones (Clemens and 
Mawer, 1992). This is all the more likely if the ris
ing melt is exploiting a fault plane, which may itself 
be responsible for initiating partial melting through 
decompression. These considerations suggest the 
following scenario. Partial melting at depth is fol
lowed by rapid dyke ascent. The ascending melt in
tersects a dilational jog in an active fault zone in the 
upper crust, where it becomes trapped and subse
quently cools and crystallizes. In situ deformation 
of the crystallizing magma results in the range of 
magmatic to solid state fabrics commonly associ
ated with granitoid emplacement.

Summary

The ascent of felsic magmas through the conti
nental crust along deeply penetrating discontinui
ties, whether they are called dykes, conduits, chan
nels, fractures or faults, is an extremely efficient 
tranport mechanism. Felsic melts from a variety of 
tectonic environments can be transported without 
control by solidification to their level of emplace
ment along dykes of order a few metres in width. 
The diagram shown in Fig. 1, or the more general 
Eq. (3), can be used to estimate the critical (mini
mum) dyke width for dyke-controlled ascent of a 
given granitoid body from the magmatic viscosity 
and the thermal and crustal density contrasts. The 
great rapidity of granitic ascent by dyke flow may 
seem counter-intuitive to those accustomed to the 
traditional picture of granitic magmas as vast, sticky, 
unrooted blobs that move against their better 
judgement from source to emplacement like the 
weary Sisyphus rolling his rock to the hilltop. Per
haps a better analogy is to imagine ascending gran
ite as the fated rock rolling speedily back to rest!
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Appendix

Magmatic ascent in a dyke is taken to be driven by 
a vertical pressure gradient due to the density dif
ference between the magma and the crust. The vis
cous (laminar) flow in a dyke or fault conduit of 
width w will have a parabolic profile that varies from 
zero at the walls to a maximum velocity 
^max=3 Rave/2 at the centre of the dyke, where Kave 
is given by Eq. (2) (e.g. Tritton, 1988). The tem
perature of the magma is governed by the equation:

_7+,,,pr=K_ (4)

where the second term represents advection of heat 
by the fluid velocity u and the third term represents 
cross-stream conduction into the surrounding cold 
crust. Initially, the temperature gradients at the flow 
margins are steep, the conductive cooling is domi
nant and the flow starts to solidify. However, the 
conductive losses decrease with time as the wall rock 
warms up and, provided the flow has not already 
frozen, the continuous advective resupply of heat 
by hot magma from below will eventually dominate 
and the flow margins will start to melt back. A de
tailed numerical investigation of this competition 
between freezing and meltback was presented by 
Bruce and Huppert (1989, 1990).

Bruce (1989) suggested the following simple 
scaling analysis of this process. When conduction is 
dominant a balance between the first and second 
terms of Eq. (4) leads to a thermal boundary-layer 
thickness proportional to {Kt)l/2, and the rate of so
lidification is approximately given by:

dw k l x
dtK (W)1/J (5a)

whereS“=c(rr-rJ' • <5b)

L is the latent heat, c the specific heat capacity, 7V 
the freezing temperature of the magma and the

far-field crustal temperature. Conversely, when ad
vection is dominant a balance between the second 
and third terms of Eq. (4) leads to a thermal 
boundary-layer thickness at height z proportional to 
{yvzKj Kave)1/3, and the rate of meltback is approxi
mately given by:

dw k (VAve 
dt GCS,m\wzK

1/3
where Sm ciTi-Tt) (6b)

and Tj is the initial magmatic temperature. From 
Eq. (5a) the timescale for freezing in the absence of 
advection is proportional to (wS^)2/*:, at which 
time the rate of freezing due to conduction alone 
would have decreased to of order k/wS^. Bruce ar
gued that an ad hoc estimate of the criterion for the 
flow to continue without complete solidification is 
that this rate of freezing should be less than the rate 
of meltback at the top of the conduit due to advec
tion as determined from Eq. (6a). After substitu
tion from Eq. (2) and a little rearrangement, this 
criterion can be expressed in the form:

where C is a constant.
It should be noted that the proportionality of wc 

to the group {/ikH/ gAp)l/A is exact, as can be shown 
by dimensional analysis. The dependence on the 
Stefan numbers, however, is an approximation both 
because the superposition of the separate solutions 
for solidification and meltback neglects the com
plex nonlinear interaction between heat transport 
and flow and because Eqs. (5a) and (6a) arelarge- 
Stefan-number approximations. Nevertheless, the 
more rigorous results of Bruce and Huppert (1989, 
1990) can be reproduced to within 15% by choos
ing the value C= 1.5 in Eq. (7). Thus the uncertain
ties introduced by the approximation are much less 
than those in the values of the physical parameters 
and the critical dyke width can be well-estimated by 
the easily calculated form of Eq. (3).
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Dykes or diapirs?
Nick Petford

ABSTRACT: Until the last few years, diapirism reigned supreme among granitoid ascent mechan
isms. Granitoid masses in a variety of material states, from pure melt through semi-molten crystal 
mushes to solid rock, were believed to have risen forcefully through the continental crust to their 
final emplacement levels in a way analogous to salt domes. The structural analogy between granite 
plutons and salt diapirs, which gained acceptance in the 1930s, has clearly been attractive despite 
the pessimistic outcomes of thermal models and, at best, ambiguous field evidence.

In contrast with traditional diapiric ascent, dyke transport of granitoid magmas has a number of 
important implications for the emplacement and geochemistry of granites that have yet to be fully 
explored. Rapid ascent rates of % 10-2 m/s predicted for granite melts in dykes (cf. m/a for diapirs) 
mean that felsic magmas can be transported through the continental crust in months rather than 
thousands (or even millions) of years, and that large plutons can in principle be filled in <104 a. 
Granitic melts are likely to rise adiabatically from their source regions, leading to the resorption of 
any entrained restitic material. Ascending melts in dykes close to their critical minimum widths 
may have little opportunity to assimilate significant amounts of country rock, and if source 
extraction is sufficiently rapid, most crustal contamination will be restricted to the site of 
emplacement. Rates of pluton and batholith inflation will be determined by the amount and rate 
of melt extraction at source.

The construction of large plutons and batholiths piecemeal from a number of magma pulses 
separated by periods of relative quiescence provides a means of reconciling rapid ascent rates with 
times for batholith construction based on average rates. Field and seismic evidence that shows 
batholiths as large, sheet-like structures with flat roofs and floors is consistent with a general model 
for plutons and batholiths as laccolith-type structures, fed from depth by dykes. The overall 
geometry of this type of structure helps ameliorate the space problem, which developed as a 
consequence of the unrealistic volumes of upwelling granite associated with the classical diapir model.

KEY WORDS: granite ascent, magma pulsing, emplacement, laccoliths.

Although James Hutton first suggested in 1788 that granite 
magma developed at great depths in the earth and was made 
to invade and break (intrude) into the surrounding strata, 
before about 1930 geologists working on the origin of granitic 
rocks had not concerned themselves to any great extent with 
the mechanisms of magma ascent. Daly (1903) emphasised the 
importance of brittle processes such as stoping, but it was not 
until the detailed map work of Cloos (1925) and the structural 
studies of Balk (1937) that geologists became interested in the 
patterns of magmatic flow seen in and around plutons. 
Impressed by structural and geometrical similarities between 
granite plutons, anticlinal salt domes and mantled gneiss 
domes at outcrop, these features were taken as prima face 
evidence for a common mode of emplacement. Unfortunately, 
the waters at the time were being muddied by the ongoing 
debate between transformists and magmatists as to the 
formation and material status of granite in general. Thus, 
although Rast (1970), in reviewing the main factors involved 
in the ascent of granitic magmas, was able to cite diapirism, 
gas fluxation, tectonic squeezing and overpressure in the 
source region as viable mechanisms, the role of dykes was not 
addressed. It is interesting to note in the published work of 
the time a strong tendency to treat granite as somehow 
different from other igneous rocks, particularly basalt. This 
view is exemplified in the writings of H. H. Read, who was 
clearly unimpressed with the idea that basalt and granite have 
anything much in common:

‘that (the one magma view proposed by Bowen and others) degrades 
granitic magma to the status of the dregs of the primary basaltic’ 
(Read 1947: 6).

Reaction of this kind against the ‘one magma’ view may 
explain why the idea of granitic magmas ascending along 
dykes was not addressed until fairly recently.

This review is divided broadly into two sections. In the first, 
which is concerned with the mode of ascent, I begin by tracing 
the origin and subsequent development of ideas concerning 
granites as diapiric structures before assessing the role of 
dykes and fractures in transporting granitic melt in the crust. 
In the second, more open section, some of the problems of 
reconciling rapid dyke ascent with emplacement and pluton 
filling times are discussed, along with ancillary observations 
related to magma pulsing, the heat source and the shapes of 
plutons and batholiths with depth. Finally, a speculative 
model is proposed where batholiths are assembled from 
tabular sills or laccoliths fed from depth by granitic feeder 
dykes.

1. A brief history of granite diapirs

The word diapir, from the Greek verb dianeipco to pierce, was 
first introduced by Mrazec (1927) to describe anticlinal salt 
domes in Romania. Other contemporary studies that drew 
attention to the similarities in the structure of granites in 
orogenic belts and salt and other evaporite diapirs include 
those of Nicolesco (1929) and Wegmann (1930). Nicolesco 
(1929) describes what he calls volcanic anticlinal diapirs from 
Madagascar, and suggested an origin for viscous granitic 
rocks in the ‘pyrosphere’, a layer of volcanic source material 
located deep in the crust that supposedly ringed the earth.
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Wegmann, like many continental European geologists of the 
time, was a transformist, who believed that granites were 
formed in situ in the solid state from other crustal rocks via 
the transforming effects of heat and ‘rock juices’ liberated 
during large-scale earth movements (the so-called ichor of 
Sederholm 1926). Wegmann considered that plutons were 
emplaced in the solid state after having being first made into 
a granite layer by metasomatism. He noted the occurrence of 
granite bodies in most orogenic belts and regarded the main 
driving force for ascent as due to tectonic squeezing. Wegmann 
also acknowledged that many granite plutons are multiple, 
and suggested that during orogenesis, granitic layers of 
different composition become mobilised successively and 
intrude each other. This line of reasoning was championed by 
Eskola (1949), who considered that two orogenic stages were 
necessary for the formation of granites and associated mantled 
gneiss domes. However, he was also of the opinion that granite 
may have intruded through the crust during orogenesis as 
convection currents made up solely of granitic material.

The first experiments on the dynamics of diapiric ascent are 
described by Grout (1945), who used mixtures of oil and corn 
syrup to simulate rising magmas. It is Grout who was 
responsible for introducing the popular concept of a diapir as 
an inverted teardrop piercing the crust (Fig. 1). Although the 
experiments of Grout do not stand up in the face of rigorous 
scaling, the later experiments of Ramberg (1967, 1970) and 
Dixon (1975) and the finite element modelling of Berner et al. 
(1972) are much more sophisticated. Using centrifuge tech
niques, Ramberg modelled the various geometric features of
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Figure 1 Shapes of fluid ‘diapirs’ rising in a viscous matrix (repro
duced from Grout 1945, American Journal of Science, with permission). 
(A and B) Cylinder oil diapirs in com syrup matrix at room 
temperature; (C and D) cold oil diapirs in cool and warm syrup 
matrix; (E) warm oil in cold syrup; (F) water diapir in syrup; (G) water 
diapirs following in the trail of (F); and (H and K) air bubble diapir 
in water. Note the distinctive trail left in the wake of diapir (F). 
Where is the evidence for similar structures in the crust?

Figure 2 Modelling magma ascent: experiment M19 (reproduced 
from Ramberg 1970, with permission J. Wiley & Sons Ltd), showing 
the ascent path and geometry taken by a KMn04 solution (magma) 
rising under gravity through a layered overburden. These and similar 
structures were generated with a viscosity contrast of c. 1010 and are 
thus more realistically scaled to reflect magma ascent than low 
viscosity contrast diapirs and domes.

diapiric development, from initial doming in the source region 
through upwards migrating bodies attached to the source by 
a thin stalk which eventually mushroomed out at shallow 
crustal levels.

Although the interaction between the evolving pluton and 
envelope is well demonstrated, it is applicable only where a 
low viscosity contrast (<103) exists between the diapir and 
country rock, and as such is not valid for ascending melts (see 
also Castro 1987), although the strong similarity between 
experimentally produced structures and those seen in and 
around many salt domes, particularly their rounded shape at 
outcrop, continued to reinforce the idea that granite magmas 
ascend dipirically (e.g. Sorgenfrei 1971). When Ramberg (1981: 
333-9) did try to model the ascent of magma with a viscosity 
contrast appropriate for magma ascent through the crust 
(c. 1010) using a KMnG4 solution, the ‘melt’ rose upwards 
rapidly through channels and fissures (Fig. 2).

One obvious criticism of the experiments of Grout and 
Ramberg is the lack of any thermal constraints. Marsh (1982) 
was able to assess the effects of heat transfer between the 
rising blob and the surrounding country rock numerically 
using a hot Stokes flow model, which describes the ascent a 
spherical body of uniform temperature in an isoviscous fluid 
(it should be noted that Marsh was not concerned specifically 
with granite in his study). In essence, Marsh (1982) found that 
the lithosphere is too cool to allow a hot Stokes magma diapir 
to rise to crustal levels, and diapirism was confined to the 
lower lithosphere and asthenosphere where the rocks were 
hotter and more ductile (see also Ribe 1983). A similar 
conclusion was reached in a numerical study by Mahon et al. 
(1988), who concluded that even allowing for a stress-free 
boundary condition during ascent through a temperature 
varying (non-isoviscous) wallrock, diapiric ascent velocities at 
normal crustal temperatures are so low that ascent is not 
possible to upper crustal levels in time-scales less than the 
freezing times of large plutons (c. 105 a).

1.2. Power law diapirs
Although classical models for diapiric ascent are based largely 
on historical comparisons between granite and salt, and 
despite the pessimistic outcome of thermal models, it may yet 
be premature to rule out diapirism totally as a granite 
transport mechanism. Work by Weinberg and Podladchikov 
(1994, 1995) has shown that heat transfer alone need not be 
the rate-limiting step controlling diapiric ascent and they 
argue that the process is more effective if the rheology of the 
crust is considered as non-Newtonian. Here, the mechanism 
required to soften the crust is not thermal, as in the hot Stokes 
model, but dependent on strain rate, with higher strains 
resulting in lower country rock viscosities in the vicinity of 
the rising diapir. Using as an example the Tara granodiorite 
described by Miller et al. (1988), their elegant modelling 
suggests that for a power law crust the Tara pluton would rise 
diapirically from the Moho and solidify at a depth of about 
15 km from the surface. Although power law diapirs still have 
trouble in reaching shallow crustal depths of less than 10 km, 
under special conditions they may rise to within 6 km of the 
surface (Weinberg & Podladchikov 1994, 1995). Power law 
diapirism need not be confined to purely upwards motion, 
and some (several kilometres) downward movement of a 
magma body may occur after solidification if it is negatively 
buoyant (Weinberg & Podladchikov 1995).

The main parameters controlling the depth of diapir 
solidification in a power law crust are the pre-exponential 
factor A, and the activation energy, E. Values for E (kJ/mol) 
and A (MPa/s) used by Weinberg and Podladchikov (1994) 
to represent the mid-upper continental crust are taken from
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experimental data on the Westerly granite. However, as 
pointed out by these workers, estimates based on power law 
ascent are very sensitive to the experimental uncertainties 
inherent in A and E, For example, small changes in activation 
energy resulted in a variation in emplacement depth that 
spanned the entire thickness of the crust.

The claim by Weinberg and Podladchikov (1994) that the 
transport of granitic magmas through the crust as diapirs is 
as effective as dyke-fracture transport is discussed in 
Section 2.4. However, even allowing for a power law rheology, 
the model does not account for the many high-level granites 
and related acidic volcanic rocks emplaced less than 5 km 
from the surface. Furthermore, the assumption that diapiric 
ascent relies largely on the development of a Rayleigh-Taylor 
instability in the source is challenged by work on melt 
segregation that relates the initiation of magma ascent to 
pressure changes accompanying deformation and partial 
melting reactions (Sawyer 1991; Brown 1994; Petford 1995; 
Rutter & Neumann 1995; Section 2.5.1). Experiment work by 
Webb and Dingwell (1990) on the non-Newtonian rheology 
of silicate melts may also be relevant to power law ascent 
models. These workers found that for strains close to the onset 
of non-Newtonian (viscoelastic) behaviour, the melt underwent 
tensile failure and breakage. It would be interesting to know 
under what conditions (power law or otherwise) strain rates 
in ascending igneous melts result in brittle failure.

1.3. Field evidence
The first person to catalogue in detail the structures that 
should form in the vicinity of a rising granite diapir was 
Wegmann (1930). These include the now classic rim synform 
(later exemplified in the experiments of Ramberg), rounded 
outcrop shape and stretching lineations at the pluton margin. 
DeWaard (1949) provides a structural comparison between 
granite and salt domes and describes some typical diapiric 
phenomena including folding and doming of salt (and granite) 
in the diapir core, synthetic folding in the country rock and 
radial tension joints in the overlying strata.

Without doubt the major stumbling block for the diapiric 
ascent of granitoid magmas is the absence of vertical shear 
zones and vertical or upturned bedding in the mid- to lower 
crust that can be related conclusively to the passage of an 
ascending diapir (Clemens & Mawer 1992). This problem is 
particularly acute given that these structures are reproduced 
in both experimental and numerical simulation, and thus 
accepted universally as essential components of all diapiric 
ascent models. Pitcher (1979) has termed these elusive 
structures ‘blind diapirs’. An example of the types of experimen
tal structures formed in the vicinity of a diapiric upwelling are 
given by Dixon (1975, figs 12, 13). Perhaps the most 
remarkable result of Dixon’s modelling was the large amount 
of flattening (>90%) and extension (>100%) in and around 
the diapir. Dixon (1975) states that the results of his method 
for estimating finite strain around a diapiric structure (in his 
example a mantled gneiss dome) could be used by structural 
geologists to assess the deformation paths followed by rocks 
in and around a rising diapir. Unfortunately, the vertical 
structures such as shear zones or mylonites extending through 
large sections of the crust predicted from experiment have not 
been found.

A similar lack of field evidence applies to Groutian blobs, 
where the inward dips expected in the vicinity of the ‘tails’ of 
hundreds of diapir-like structures reported from around the 
world are absent (Pitcher 1979). With the exception of the 
infamous -rim syncline, many ‘diapiric’ structures such as 
highly strained margins, attributed to power law ascent 
(Weinberg & Podladchikov 1995), can be explained by other

means, most notably in situ ballooning as described by 
Bateman (1985) in his study of the Cannibal Creek pluton. 
Sadly, the use of emplacement-related structures such as 
deformed aureoles as indicators of magma ascent is still a 
source of confusion (Paterson & Fowler 1994; Weinberg 1994).

In the case of excessively hot crust, classical diapiric ascent 
may be possible, although explanations such as diapir swarms 
heating the crust or diapirs following the trails of previous 
diapirs are nothing more than special pleading. However, in a 
comparative study of salt stocks and Archaean gneiss diapirs, 
at a time when the crust was undoubtedly hotter than today, 
Schwerdtner (1982, 1990) still could not show conclusively 
using field evidence that the gneiss domes of western Ontario 
had formed in a way similar to that proposed by Ramberg. 
Similar studies of granites in Archean greenstone belts have 
failed to find the narrow umbilical necks expected from theory 
and models. Other structures in greenstone belts such as 
recumbent sheath folds considered as possible indicators of 
diapir tracks (Weinberg, this issue) are more likely due to 
intense deformation in large, low-angle shear zones (Coward 
1976).

2. Granite dykes
The simple alternative to granite ascent by diapiric rise is that 
granite magmas ascend in dykes the same as basalts. Following 
earlier ideas about the funnelling and focusing of granitic melt 
along faults or dyke-like conduits proposed initially by Leake 
(1978) and Pitcher (1979), there are currently two general 
models for granitic ascent in dykes, one involving ascent by 
magma fracture (Clemens & Mawer 1992), and the other 
related to ascent in fault-related conduits (Petford et al 1993, 
1994). Although both models are different geologically, with 
the latter emphasising the important role of crustal extension 
in initiating dyke conduits, their physics are essentially 
the same.

The historical lack of enthusiasm for dyke transport of 
granitic melts is especially odd given that, at crustal levels and 
in the lithosphere in general, magma typically ascends 
seismically in dykes and fractures (e.g. Spera 1980; Turcotte 
1982, Spence & Turcotte 1985; Lister & Kerr 1991). Shaw 
(1980) gives an extended review of fracture mechanisms, 
emphasising the importance of dyke propagation in magma 
transport. In particular, magma at lithostatic pressure will 
give rise to tensional (effective) stresses that enable magma- 
filled fractures to form and propagate throughout much of the 
lithosphere. Basaltic melts can flow in dykes and fractures at 
velocities in excess of 5 m/s, with dyke emplacement controlled 
fundamentally by the viscosity of the fluid in the crack as 
opposed to the rate of crack propagation (e.g. Spence & 
Turcotte 1985). Although the number of granite workers 
speculating that plutons may have been fed by granite 
ascending in fractures and dykes (Pitcher & Berger 1972; 
Leake 1978; Pitcher 1979; Bateman 1985; Hutton 1982, 1992; 
Brun et al 1990; Emerman & Marrett 1990; Petford & 
Atherton 1992) has been increasing since the late 1970s, it was 
not until 1992 that the first in-depth study by Clemens and 
Mawer (1992) dedicated to the topic of granite dyking as an 
ascent mechanism was published.

2.1. Dyke propagation
There are two forces involved in dyke propagation: buoyancy 
forces (as exploited in the experiments of Ramberg) and excess 
pressure at source (the pressure in excess of the lithostatic 
load). Excess pressure can drive a dyke in any direction, while 
buoyancy forces result in vertical motion only (Wilson & 
Head 1981). During vertical transport, buoyancy forces must
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be larger than the excess pressure, with the latter used to 
initiate the fracture. Excess pressure will remain constant as 
long as the dyke volume remains small compared with the 
volume of magma in the source. Once fracturing has 
commenced, the orientation and shape of the dyke are 
influenced to a large degree by the regional stress regime 
(Rubin & Pollard 1987), although the final emplacement 
geometry may differ from that during active ascent, (e.g. Lister 
& Kerr 1991).

The most efficient initial geometry for a dyke is a planar 
fissure. Simple viscous flow of magma in a vertical dyke can 
be expressed generally as

Appy2
~ 12/i (1)

where Vtvt is the average flow velocity, Ap is the density 
contrast between the magma and the wallrock, w is the dyke 
width, p is the magmatic viscosity and g is the acceleration 
due to gravity. No excess pressure is assumed and ascent is 
driven by buoyancy alone. For this condition to apply, the 
excess (elastic) pressure (w/H)a must be significantly less than 
ApgH. where w is the full dyke thickness, H is the height and 
a is the elastic stiffness of the wallrock (Lister & Kerr 1991; 
Rubin 1995). Viscous flow is characterised by a parabolic flow 
profile that increases from zero at the dyke wall to a maximum 
velocity

(2)

at the centre of the dyke (Batchelor 1967). Equations (1) and 
(2) hold only for laminar, low Reynolds number (Re) flow

where r is the dyke radius and v the kinematic viscosity of the 
melt (p/p). This condition is satisfied even for the lowest 
viscosity granitoid melts, where maximum Re numbers 
estimated during dyke flow are several orders of magnitude 
less than those generally required for turbulent flow (e.g. 
Tritton 1988; Fig. 3).

2.2. Control of magma properties on dyke widths
A major difference between the granite diapir and granite 
dyke ascent models is the fundamental control of magma

Turbulence
- Re.*,-2000

Laminar flow

melt viscosity (Pa s)

Figure 3 Plot showing the range in Reynolds number (Re) as a 
function of melt viscosity and dyke width. Re numbers increase with 
decreasing melt viscosity and increasing dyke width (w). For the wide 
range of conditions shown. Re numbers are subcritical, indicating that 
magma ascent in dykes will be governed by laminar flow.

viscosity on dyke widths and flow-rates, although excess 
(magmatic) pressure within the dyke will also be important if 
the wallrocks deform elastically. In a study of basic and felsic 
dykes from Peru and Japan, Wada (1994) has shown that 
dyke widths are strongly dependent on magma viscosity, with 
higher viscosities producing wider dykes. The viscosity of 
granitic melts has been the subject of both experimental and 
theoretical investigation by a variety of workers, most notably 
Shaw (1965). Silicate melt viscosity is related in a complex 
way to melt composition and structure, volatile content, 
temperature and to a lesser extent pressure (for a review, see 
Dingwell et al. 1993). Direct viscosity measurements of crystal- 
free granitic melts and estimated based on empirical models 
(Shaw 1972; Baker, in press) fall in the general range 104-108 
Pa s, depending on the temperature and water content. 
Tonalites and granodiorites, the major pluton-forming magmas 
in Cordilleran batholiths, have estimated crystal-free viscosities 
in the range 104-105 Pas (Petford 1995). It should not go 
unnoted that the viscosity of a given granitic melt is controlled 
primarily by the P-T-X conditions in the source region. 
Crystal loads are also known to strongly influence magma 
viscosity, although from the analysis of Wada (1994), magmas 
with phenocryst contents <35% have effective viscosities 
similar to crystal-free melts, whereas magmas with crystal 
contents generally in excess of 50% are too viscous to be 
intruded as dykes, regardless of melt composition (Kerr & 
Lister 1991).

2.3. Thermal considerations
Although up to six orders of magnitude more viscous that 
average basalt melts (c. lO^lO2 Pa s), granite magmas are still 
capable of flowing in narrow dykes and conduits without 
freezing. From the thermal analysis of Bruce and Huppert 
(1989, 1990), the flow of hot magma through cool lithosphere 
requires a minimum dyke thickness, below which the conduc
tive heat loss of magma to the surrounding wallrock is greater 
than heat advected by magma flow and the dyke will freeze. 
This minimum thickness can be estimated by the following 
argument (Petford et al 1994). During the early stages of 
dyke formation, conductive heat loss gives rise to a thermal 
boundary layer of thickness proportional to (/ct)* with rate of 
solidification (dw/dt) approximated by

dw k 1
dt ^ S* (Kt)* (4)

where k is the thermal diffusivity and Sx is a Stefan number 
that relates the ratio of latent heat to the specific heat capacity 
of the dyke magma to the far-field temperature of the 
surrounding country rock. As flow continues and convection 
becomes dominant, a thermal boundary layer forms at height 
z with thickness proportional to (wzK/Vave)*. Thus after initial 
conductive cooling along the dyke margins, a thermal balance 
will be reached where the rate of melt-back along the margins 
is greater than the rate of freezing along the dyke walls, 
approximated by

8w yz K ( M* 
dt Sm \ wzk J (5)

where Sm is a Stefan number for the dyke magma that allows 
for a migrating solidification front at the dyke walls. 
Substitution of (1), (4) and (5) into the condition that meltback 
is achieved at z = H within the timescale (WS^Y/k of 
solidification leads (after some rearrangement) to the ex
pression
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where wc is the minimum critical dyke width for flow to occur 
without freezing, C is a constant of value 1-5 and H is the 
vertical height of the dyke (Petford et ai 1994: 166). More 
detailed calculations are given in Lister and Cellar (1996). 
Actual dyke widths may of course be much larger.

For basalt dykes, the critical minimum width, wc, is of the 
order of 1 m for dykes kilometres in length. As wc is 
proportional to viscosity raised to the i power, granitic melts 
(generally 103-106 times more viscous than basalt) require 
dykes that are a factor of lO^-lO6'4 wider (^6-30 m) for dykes 
of similar length to prevent freezing. In contrast, maximum 
dyke widths are controlled, not by thermal effects, but by the 
rate at which melt can be supplied from depth (Lister & Kerr 
1991). For granite dykes, this will depend on the amount of 
partial melting in the source region and the rate at which it is 
extracted.

The predicted relationship between magma viscosity and 
minimum dyke width is shown in Figure 4 as a function of 
density contrast between dyke melt and country rock. In 
general, the more mafic, higher temperature tonalites and 
granodiorites characteristic of Cordilleran magmatic arcs, 
including the Great Tonalite Sill and plutons from the Western 
Peninsula Ranges batholith. have the narrowest critical dyke 
widths and plot on the left-hand side of the diagram. 
Conversely, lower temperature, more viscous, silica-rich melts 
formed during crustal thickening events (e.g. Himalayan 
leucogranites) require correspondingly wider dykes to ascend 
without freezing and lie towards the right-hand side of the 
figure. Syn-tectonic plutons such as the Main Donegal lie in 
the middle of the diagram. Thus the variation in estimated 
minimum dyke width can be related in a general way to the 
tectonic setting in which these plutons are found. This, in turn, 
may reflect the type of source material being melted, with 
relatively mafic sources beneath the Cordilleras giving low 
viscosity tonalite melts, while predominantly metasedimen- 
tary(?) sources beneath the Himalaya yield higher viscosity 
leucogranites.

2.4. Rates of granite dyke ascent and pluton filling
Perhaps the most significant implication of dyke ascent of 
granitoid magmas is the extreme rapidity of magma ascent 
compared with diapiric rise. The analysis of Clemens and

|x Pa s
Figure 4 Plot of density contrast between magma and country rock 
(Ap) as a function of magma viscosity. Numbered contour lines show 
the critical minimum dyke width needed for magma ascent without 
freezing. Fields summarise the positions of granitoid plutons and 
batholiths in relation to known tectonic setting (after Petford et al. 
1994). Small critical minimum widths define granitoids found in 
magmatic arc settings, whereas largest minimum widths are for high- 
silica leucogranites in contractional settings. The increase in critical 
dyke width from right to left across the diagram is due to an increase 
in melt viscosity of granitoid rocks found in each setting.

Mawer (1992) showed that granite dyke velocities during 
active magma fracturing were typically of the order of 10“2 
m/s. Similar ascent rates were obtained by Petford et al. 
(1993). These rates are orders of magnitude faster than even 
the most speedy diapirs, which have estimated ascent velocities, 
depending on their size, of between 10_10and 10“' m/s (Fig. 5).

To illustrate how fast dyke ascent of granitoid melt can be, 
I take as an example the Tara granodiorite, SE Australia, 
which has been the subject of previous studies on diapiric 
granitic ascent (Miller et al. 1988; Weinberg & Podladchikov 
1994). Using the physical properties of crust and magma given 
by Miller et al. (1988) their table 3, and the compositional 
data provided by White et al. (1977), the Tara granodiorite, 
with an estimated magmatic viscosity of 105 8 Pa s, would 
have a critical minimum dyke width of 5-2 m and could in 
principle ascend in a dyke 20 km through the crust in just 
0 03 a. This is considerably faster than a diapiric ascent rate 
of 104 a given by Weinberg and Podladchikov (1994) and 
casts some doubt on their assertion that diapirism can be as 
effective in transporting magma as dyke ascent. Although the 
ascent time is not equal to the emplacement time, rapid ascent 
rates of granitic magma in dykes does allow relatively large 
plutons (> 104 km3) to be filled extremely quickly (Clemens & 
Mawer 1992; Petford et al. 1993). The time (At) taken for a 
pluton of volume Q to be filled provided flow is continuous 
can be estimated from

where Fave is the flow-rate [from Equation (1)], w is the dyke 
width and / is the dyke length (Petford et al. 1993). Estimated 
pluton filling times are shown in Figure 6 for melt viscosities 
of 104 and 108 Pa s a function of density contrast (Ap) between 
the melt and wallrock responsible for driving vertical dyke 
flow. Typical values of Ap between the granite melt and 
wallrocks (c. 200-400 kg/m3) are shaded. For a 5000 km3 
pluton, a 5 m wide dyke (/ = 10 km) and a mean Ap of 
300 kg/m3, Arstfia for a melt viscosity of 104 Pas and 
%6 x 104 a for a melt viscosity of 108 Pa s.

2.5. Problems with dyke ascent
Rubin (1995) has criticised dyke transport of granitic melts as 
a priori, arguing that (unlike less viscous basaltic melts) it may 
not be possible for granite dykes to grow to the required 
critical minimum width in the source region, and although 
recognising the shortcomings inherent in classical models of 
diapiric ascent, nevertheless cautions against the notion that

Ascent velocity (m/s)

□ Diapirs ^ Dykes

Figure 5 Histogram of ascent rates of granitic magmas from various 
sources in metres per second. Ascent rates are greatest for magmas 
transported in dykes. R. Ramberg (1967); F, Fyfe (1970); M. Marsh 
(1982); MHT. Mahon et al. (1988); C&M, Clemens and Mawer 
(1992); PKL, Petford et al. (1993); and W&P, Weinberg & 
Podladchikov (1994).
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Q = 5000 km3
I = 10 kmo8 Pas

106 Pas

105 Pa s

Figure 6 Estimated pluton filling times (At) for a range in melt 
viscosity (Pa s) and density contrast (Ap = pcountry rock - ). Typical
crustal values of Ap are shaded. Q is pluton volume and l is dyke 
length (both fixed). Filling times increase with increasing melt viscosity 
and decreasing density contrast from a minimum of ss5 a (melt= 104 
Pa s, Ap = 500 kg/m3) to a maximum of 5:105 a (melt = 108 Pa s, Ap = 
100 kg/m3).

all granite magmas are transported through the crust in dykes. 
Rubin (1995) argues that where ascent is driven by excess 
magma pressure at source instead of buoyancy, most (but not 
all) granite dykes would freeze shortly after the magma 
encountered subsolidus country rock (see also Weinberg, this 
issue). In his original formulation, Rubin (1993) assumed the 
dyke magma (at temperature Tm) entered the propagating 
dyke at its freezing temperature (Tt). The distance from the 
source at which the country rock temperature falls below Tm 
can be used to define a length scale l0 = AT*\dT0/dx\, where 
AT* = Tm — Tl and |d7^/dx| is the temperature gradient in the 
country rock. However, even for this end-member case, magma 
temperatures close to that of the country rock may not kill 
the dyke by freezing if the dyke height H<10. For the more 
realistic case where melt enters the dyke at some temperature 
above its solidus (i.e. AT*>0), granite dyking from a deep 
source is possible at modest (c. 10 MPa) source pressures 
(Rubin 1995).

2.5.1. Source control on magma ascent. The conceptual 
model underpinning Rubin (1993, 1995) seems to be based on 
field observations of aplite and pegmatite veins in the vicinity 
of plutons, which form during the final stages of emplacement 
and crystallisation. Thus although this analysis may be valid 
for the formation of late-stage dykes and veins in the upper 
crust, it may not provide an accurate model of a granitic 
source region in the lower crust where partial melting above 
a mafic mantle-derived heat source has led to the formation 
of a mushy zone (e.g. Bergantz 1989; Petford 1995). Although 
the physics of melt segregation in the continental crust are 
still poorly understood (Brown et al. 1995), rates of melt 
production will depend on the type (i.e. fluid-present or fluid- 
absent) and kinetics of the partial melting reactions, themselves 
a product of the protolith composition. For example, Clemens 
& Mawer (1992) estimate volume changes during fluid-absent 
partial melting of quartzo-feldspathic rocks of between 2 and 
20%. This raises the possibility that different source lithologies 
may give rise during partial melting to a range of excess 
source pressures, some of which are more effective than others 
in driving magma flow. Other factors considered by Rubin 
(1995) likely to aid dyke formation in a partially molten 
source region include viscous deformation of the wallrocks 
and the influx of melt through the dyke walls. Where melt is

exploiting a pre-existing fracture or fault zone at source, the 
thorny problem of crack initiation is removed, although for 
dykes longer than a few metres the difference in ascent velocity 
between a dyke following an existing fracture and one that is 
self-propagating is negligible as both are working against a 
confining pressure.

In summary, if the degree of partial melting and excess 
pressure in the source are governed by the type of melting 
reaction, then the physical state of the source is likely to have 
important knock-on effects, and may even control the final 
ascent mechanism (Weinberg, this issue).

2.6. Petrological consequences of dyke ascent
Rapid vertical flow in dykes may allow the ascending granitoid 
melts to rise adiabatically. Previous studies investigating the 
effects of isentropic adiabatic ascent of granitoid magmas (e.g. 
Sykes & Holloway 1987; Holtz & Johannes 1994) have shown 
that considerable resorption of entrained, restitic material will 
occur. For example, Holtz and Johannes (1994) have shown 
that rising magma with an initial 50:50 melt to solid ratio 
will resorb some 35% solid by volume, with the final ratio of 
melt to solid on emplacement as 85:15. Modelling by Clemens 
et al. (1996) has shown that for typical ascent velocities of 
10-2 m/s, dykes may contain significant (up to 50°C) 
constitutional superheat. As a result, very little crystallisation 
will occur during ascent, and for dyke widths »wc negligible 
conductive heat loss should allow dyke magmas to be 
emplaced virtually free of entrained material, consistent with 
the observation that most granitoid magmas are non-restitic 
(Clemens 1989). Another consequence of the resorption of 
entrained material during ascent is that the reduction in 
effective viscosity (the ratio of suspended solids to melt) will 
lead to an increase in magma flow-rates, with a reduction in 
suspended load from 30 to 10% more than doubling the 
ascent velocity (Fig. 7).

Laminar (non-turbulent) flow during granite ascent (Fig. 3), 
combined with a lack of crystallisation and associated release 
of latent heat, may act to prevent significant assimilation of 
wallrock during ascent. This should be most pronounced for 
dykes close to their critical minimum width, where the presence 
of growing chilled margins reduces the amount of contact 
between the flowing magma and country rock. If melt 
extraction from the source is sufficiently rapid, the only 
significant magma reservoir will exist at the level of emplace
ment. It is here that most assimilation of country rock should

increasing ascent velocity

resorption (decreasing p)

Solid fraction (<)>)

Figure 7 Dyke ascent velocity versus entrained solid fraction (<l>) in 
an adiabatically ascending granitic magma. Resorption of entrained 
material leads to a reduction in effective viscosity and an increase in 
melt ascent velocity.
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occur, along with the development of magmatic fabrics, as 
crystallisation proceeds.

2.7. Granite dykes in the field
An increasing number of field studies from different tectonic 
environments now show granite dykes to be commonplace. 
Granite dykes intruding either undeformed crust or exploiting 
faults and shear zones have been reported from the Himalaya 
(LeFort 1981; Inger & Harris 1992; Reddy et al. 1993), Alaska 
(Hutton & Ingram 1992), Ireland (Hutton 1982; McCaffrey 
1992), the Andes (Pitcher 1979; Petford & Atherton 1992), 
Peru and Japan (Wada 1994), along with the extensive 
occurrence of composite dykes with granite cores in Iceland 
and the British Tertiary Igneous Province, and similar dyke 
swarms in the Channel Islands. Extensive granite dyke swarms 
are exposed in Namibia. In most instances, the widths of the 
granite dykes ranges from 10“2 to 102 m, in good agreement 
with theory (Wada 1994).

2.7.1. Pluton floors and feeder dykes. That granitic dykes 
exist is beyond doubt. However, their existence does not mean 
that they were involved necessarily in batholith construction, 
and a common criticism against the dyke ascent of granitoid 
melts is the apparent lack of field examples showing granitic 
dykes unambiguously feeding large plutons (e.g. Rubin 1995). 
Although the field evidence for dykes beneath plutons provides 
the best way of testing the dyke transport models, it is 
frustrating that the floors of plutons are rarely, if ever, exposed 
in any detail. Where pluton floors are seen in the field, they 
do appear to show evidence for inflation via dykes. The 
Himalayan Manaslu and gangotri leucogranites are examples 
(LeFort 1981; Scaillet et al. 1995), as is the Bergell pluton, 
Central Alps (Rosenberg et al. 1995). Although fed by a dyke, 
neither pluton shows any evidence for having been emplaced 
as a series of vertical sheets (cf. Paterson 1994). Similar 
observations can be made of many large mafic intrusions.

Most geophysical investigations of granite plutons involve 
gravity studies which, although failing to yield unique results 
(see Vigneresse 1990 for a review), often reinforce the classical 
picture of a batholith with outward dipping contacts extending 
to depth, creating as it does so the infamous (but largely 
imaginary?) space problem. In contrast, relatively few studies 
using seismic reflection imaging, a technique more likely to 
reveal the true nature of contacts between plutons and country 
rock at depth, have been made. One exception is a seismic 
reflection study of the internal structure of the English Lake 
District batholith (Evans et al. 1994). Their results show the 
presence at depth of a series of reflector-poor zones, interpreted 
as granitic sills 500-1000 m in thickness, separated by highly 
reflective lenses of country rock. These structures suggest that 
the batholith is made up of a series of horizontal sheets with 
flat tops and floors. Furthermore, the steep western margin 
lies parallel to the Lake District boundary faults, which may 
have aided the ascent and emplacement of the batholith 
magmas. On the basis of their seismic profiling, the overall 
structure of the batholith is regarded by Evans et al. (1994) as 
laccolithic. Similar sill-like geometries occur in sections of the 
Sierra Nevada batholith (Coleman et al. 1995) and the High 
Himalaya (Scaillet et al. 1995).

3. Relationship between source, ascent and 
emplacement of granitic magmas

3.1. Magma pulsing
A common feature of many large plutons and batholiths is 
that they are made up of discrete magma pulses or batches of 
differing composition. An early proponent of the multiple

pulse hypothesis of batholith formation was Noble (1950), 
who suggested that the Sierra Nevada batholith was built up 
by multiple, forceful intrusions of a number of small intrusive 
units. Pitcher (1979), based on his experiences of the Peruvian 
Coastal Batholith, made the intriguing observation that 
granitoid plutons of a given composition tend to be limited to 
a maximum size. This is borne out in numerous field studies 
of large (>1000 km2) batholiths of the circum-Pacific region, 
which have been found to comprise multiple bodies. Within 
these intrusions there is a marked trend towards smaller sized 
plutons with increasing acidity, with tonalitic pulses 
(300 km2)>granodiorite (150 km2)> granite (80 km2). Several 
explanations have been put forward to explain this apparent 
size limitation, including the thickness of the source region 
and buoyancy limitation (Pitcher 1979). Whatever the reason, 
compositional pulsing of this kind must reflect in some way a 
decrease in supply (or generation) of magma at source and/or 
changing source compositions with time (Fig. 8).

3.1.1. Heat source and pulse composition. An allied problem 
relates to the heat source required for melting to occur and 
although mantle-derived basaltic magma (e.g. Huppert & 
Sparks 1988; Bergantz 1989) is the only realistic possibility, 
the amounts of material added, and at what rates, are clearly 
fundamental. Given the potential for extreme heterogeneity in 
the lower crust, it may be argued (e.g. Miller et al. 1988) that 
a range of melt compositions produced during anatexis is 
inevitable, thus explaining the change in composition of 
magma pulses with time. However, the sequence from basic to 
acid is often repeated cyclically in many large batholiths 
(Pitcher et al. 1985) and it would be unlikely that the same 
sequence of source rocks could be melted with sufficient 
regularity to produce the observed zonations. Furthermore, 
there is growing recognition that the source rocks for many 
Cordilleran (tonalitic-granodioritic) granitoids is relatively 
mafic (Atherton 1990; Tepper et al. 1992). During partial 
melting of an intermediate to mafic protolith, the composition 
of the partial melt will become more mafic with increasing 
melt fraction, with felsic melts representing the smallest melt 
fraction. One possible explanation for the zonation and 
magma pulsing seen in the Coastal Batholith is that initial 
(mantle-derived) heat input caused relatively large amounts of 
partial melting, resulting in more mafic compositions, followed 
by smaller, more acidic melts as the heat source wanes.

3.1.2. Batholith assembly time. If plutons and batholiths are 
constructed piecemeal from many smaller pulses as outlined 
earlier, then it may be more convenient to express total 
batholith assembly time (7]) as the sum of the time between

soo-
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Figure 8 Plot of area (km2) versus silica content for individual 
tonalite (T), granodiorite (GD) and granitic (G) facies in the Coastal 
Batholith, Peru. Each pulse (P) becomes smaller in volume and more 
evolved with time.
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constituent pulses

n

1 Ti = tl + t2 + t3 ... +tH (8)
i» 1

where r,, r2, etc. is the time gap separating one pulse from the 
next. Thus although individual magma batches may ascend 
rapidly to their emplacement levels in dykes, the total time 
required to build a batholithic mass may well be considerably 
longer. If we assume that, once formed, melt can readily escape 
its source, as seems to be the case generally (Brown et al. 
1995), the rate-limiting step in pluton formation will not be 
controlled either by ascent or emplacement rates where space 
is made by faulting (Hanson & Glazner 1995), but by how 
fast (and how much) melt can be created in the source region 
at any one time. This raises the possibility that although 
individual events in batholith formation may be rapid 
geologically, in those instances where emplacement is fault- 
controlled batholith assembly overall may be dominated by 
long periods of inactivity. In this way. estimates of emplacement 
and cooling rates based on tectonic averages (e.g. Paterson & 
Tobisch 1992; Hanson & Glazner 1995) may be reconciled 
with the rapid bursts of activity predicted by models of 
dyke ascent.

4. Discussion

depth

Moho

updoming ?I

A t
batholith
(tabular granitoid 
sheets + basalt)

feeder dykes

Source region
fluid-absent partial melting

(A^melting +V6)

f
Mantle heat (basalt melt)

Figure 9 Summary cartoon showing the proposed relationship 
between magma source, ascent and emplacement (not to scale). 
Basaltic melts intrude the lower crust and initiate partial melting. 
Pulses of granitic and minor(?) basaltic melt ascend rapidly in dykes 
through the crust and are emplaced as tabular sills and sheets (e g 
Coleman et al. 1995; Pitcher et al. 1985). Space is created by a 
combination of faulting, ballooning and uplift at the surface.

4.1. Towards a possible solution
Does a model currently exist that can unite the various 
requirements of source processes, pulsing, ascent rates, size, 
composition and observed emplacement geometries in one all- 
encompassing mechanism? In keeping with the results of 
Evans et al. (1994), laccoliths seem to fit most of the 
requirements for a united ascent and emplacement model. 
First described by Gilbert (1877), laccoliths are intruded 
horizontally as sill-like bodies. They have flat bases, with 
domed roofs, and are generally circular or ovoid in plan as 
exemplified by the Henry Mountains Group in Utah.

In contrast with plutons and batholiths, the emplacement 
of laccoliths in the crust has been the subject of a number of 
quantitative studies (e.g. Pollard & Johnson 1973; Jackson & 
Pollard 1988; Corry 1988). Three basic stages are involved in 
laccolith formation: (1) vertical ascent in narrow dykes;
(2) emplacement and horizontal propagation as sills; and
(3) in situ inflation and doming. Note that although fed by 
dykes, there is no requirement for the laccolith to be internally 
sheeted. At some point, vertical flow is translated to horizontal 
flow (due to factors such as neutral buoyancy or crustal 
anisotropy) and the laccolith begins to inflate, with the doming 
of roof rocks in excess of 2-5 km and bending strains in the 
roof of 10% reported by Jackson and Pollard (1988). Both 
ascent and emplacement are likely to be fast, with emplacement 
and cooling time measured in lOMO2 a. As an example of 
the potential rapidity of the emplacement process, Kerr and 
Lister (1995) estimate that the silicic Tennant Creek porphyry 
sill, Australia, intruded into unconsolidated sediments, was 
able to flow 100 km laterally in about 1 a. The relatively small 
size of many laccoliths is consistent with a model for a pulsed 
supply of magma at source which ascends rapidly through the 
crust. Against this is the fact that most laccoliths are emplaced 
at high crustal levels and quickly cooled, resulting in a general 
lack of contact metamorphism. Estimates of the magmatic 
overpressure required to dome the roof rocks (an essential 
feature of laccolith geometry) apparently restrict magma 
emplacement to 2-3 km of the surface (Corry 1988), although 
the undomed geometry (sill) could in principle form at deeper 
crustal levels.

Thus, although regarded in the classic sense as shallow level 
intrusions, the processes involved in laccolith formation fulfil 
in a general way the requirements of the dykists in that 
magma ascent is (a) dyke controlled and (b) shows that a clear 
difference exists between the mechanisms of ascent (vertical 
motion of magma) and emplacement (predominantly hori
zontal movement of magma). Their structural development 
also caters to the diapirists/ballooners in that laccolith outcrop 
patterns and associated structures, both internally and exter
nally, appear to match closely those predicted from experiment. 
Depending on the depth of emplacement, initial brittle country 
rock structures would soon become more ductile as the region 
around the magma bodies heats up. As emplacement is likely 
to involve both brittle and ductile deformation of the crust in 
relative amounts that will vary with time, brittle deformation 
will be favoured by the emplacement of small and infrequent 
magma batches into cold crust (e.g. sheets), whereas more 
prolonged and continuous input will induce a more ductile 
response in the country rock, resulting in the familiar oblate, 
high-aspect ratio outcrop geometries characteristic of many 
plutons. The whole gambit of magmatic foliations and country 
rock structures associated with ballooning and diapiric 
'emplacement’ as cooling and crystallisation proceeds and 
ductility contrast decreases are thus rationalised with a granitic 
body that ascended the crust in a dyke or fissure.

It is easy to take this one step further and consider what 
would happen if dozens or hundreds of laccoliths coalesced at 
a similar level of emplacement. The result would be a 
composite batholithic body, fed by dykes with a flat bottom 
and a domed roof (vertically created space), comprised of 
tabular shaped intrusions whose size may relate ultimately to 
their composition (Fig. 9). Such a structure, built up in this 
way, where high-level magmas can also vent to the surface, 
would resemble the Coastal Batholith of Peru, and perhaps 
other Cordilleran batholith complexes.
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APPLICATION OF INFORMATION THEORY TO THE FORMATION 
OF GRANITIC ROCKS

Nick PETFORD, John D. CLEMENS and Jean-Louis VIGNERESSE* 
School of Geological Sciences, Kingston University, 
Kingston-upon-Thames, Surrey, KT1 2EE, United Kingdom 
'"CNRS, BP 23, 54501 Vandoeuvre/Nancy Cedex, France

ABSTRACT

Information theory, proposed originally by Shannon (1948), has been applied to the 
formation of granitoid rocks. Application of the theory allows the four main elements 
involved in granite formation viz.: partial melting (M), melt segregation (S), magma 
ascent (A) and emplacement (E) to be analysed qualitatively as a single, holistic pro
cess. The information content (chemical, isotopic and mineralogical) is contained in the 
magma, and the received message is the crystallised pluton. Noise added (e.g., by tecto- 
msm, weathermg or sample collection) can lead to distortion or even irretrievable loss 
of information. Against this is the energy introduced into the system by the observer. 
Defining the message to be transmitted during granitoid formation as the initial compo
sition of the partial melt {Hs), the total information or entropy content {H') preserved in 
an exposed granitic pluton can be expressed symbolically as:

H' = [iJy-ALA] + i? + 5
where N and A represent information loss by noise and weathering, counteracted by 
redundancy R and input from the investigators 5. The processes involved in granitoid 
formation, as identified by the application of information theory, are likely to be cyclic.

y efmmg a total assembly time for a pluton, based on the rate of each key manite- 
tormmg process, information theory suggests that the rate-limiting step in pluton for- 
maPon is the process of partial melting of the protolith - ultimately the rate of thermal 
diffusion necessary to accomplish this. Analysis suggests that total melt volume and
melting rate m the source will control both the segregation mechanism and mamna 
ascent rate. D

INTRODUCTION

Over die past decade there has been a significant shift in scientific method, away from 
the reductionist approach, that tends to concentrate on one particular aspect of a pheno
menon, to a more open approach, in which systems are considered in their entirety. This 
holistic approach is becoming increasingly successful in the life sciences and ecology 
where systems are commonly greater than the sums of their parts (e.g., Cornwell, ISPS).'

et ai (eds-\ Granite: From Segregation of Melt to Emplacement Fabrics, 3-10 
© 1997 Kluwer Academic Publishers. Printed in the Netherlands.
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4 N. PETFORD et al.

In contrast, within the geological sciences, many petrologists and geochemists still 
focus on one particular aspect of the granite phenomenon while ignoring Ihe otken . The 
present authors have not been blameless in this regard. Though this approacti hiarfs the 
advantage of maximising the information about process x, it may be at adds: viiitHi what 
is currently known about process y so that, while both appear correct in isolaticoiri^ they 
become mutually contradictory when taken together. Recent examples in dalle iHIie .appa
rently irreconcilable difference in the rates of pluton ascent based on fracture aiKuusport 
and fluid dynamical theory (Clemens and Mawer, 1992; Petford et aL, 19931) auad rates 
of emplacement based on structural, tectonic and field studies (e.g., Tatexsoii;;, T994). 
Other current examples, chosen at random from discussions on the ‘ ‘granhe-reseejarch” 
discussion group on the Internet, include the role of enclave-bearing magmas iu grani
toid evolution, the shapes of plutons with depth, and the origin and sigdific.ciniece of 
myrmekite.

A recurring problem with the holistic approach is how best to express the vuious 
processes that comprise a given system in a coherent and meaningful w.ay. Oik J&jppro- 
ach, that has proven successful in a number of disciplines, including geologgy *(e.gM 
Pelto, 1954; Tasch, 1965; Ferguson, 1980), is the mathematical theory of ctoniiiimutnica- 
tions, known as information theory (Shannon, 1948). The theory allows infoismmiQBfl that 
is passed from one place to another to be defined and quantified at both its .scmroce and 
destination, thus providing insight into processes occurring during transmission.

The ultimate aim of information theory is to predict the behaviour ofthx cownuuiuni- 
cations system mathematically. Given that the theory in its original fom dloesnn-ot re
quire transmitted information to have any meaning, two questions of mrreediaita rele
vance are: 1) can the concepts of information theory be applied to the genesis, d granitic 
rocks and 2) if applicable, will it tell us anything new about the origin and evdilimion of 
these rocks? The first question can be answered pragmatically by considering tie;gene
ration, segregation, ascent and emplacement of granitic (s.l.) magma, as a pocress of 
information transmission. The final product (a granitic pluton) contains within it:iinfor- 
mation (chemical, mineralogical, isotopic, textural and structural) that is the smrm of the 
various steps involved in its formation. Thus, in principle, each step should b* o|p<en to 
analysis by information theory. The second question requires a mere; pfinloseqji hical 
approach. Millions of chemical analyses of granitoid rocks must now exist wo:ofl.i-wide 
and, although this database expands daily, we are still in many ways no closer too under
standing the origins of these rocks than in the days of Hutton. Thus, although itiiiE appli
cation of information theory to the origin of granitic rocks may not reveal new a answers 
immediately, it might provide a framework for re-thinking old problems.

In this paper, we show how information theory can be used to describe Rialilisii.cally 
the main processes involved in the formation of granitoid rocks. We begin byiinitnodu- 
cing the basic ideas germane to information theory and provide examples vith .the use 
of flow diagrams. A general mathematical and symbolic treatment of the praccesses 
involved in granite formation is given. By defining the message to be tramsiriiitkail ainiring 
granitoid formation as the composition of the partial melt (Hs), we show hew it);s infor
mation or entropy content on emplacement can be expressed symbolically. We co:Dnclude 
by showing how simple application of information theory can help cons train Bh.e re! ative 
rates of processes involved in granite formation, and argue that these proic-ea;sies are 
likely to be geologically short-lived, cyclic events.
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PRINCIPLES AND DEFINITIONS

The general components of a simple communication system are shown in figure 1. Any 
communication system contains information in the form of bits (Shannon, 1948), and 
the processes that lead ultimately to the formation of something observable (e.g., a 
television picture, fossil, granite pluton, etc.) will be encoded in n bits of information. 
These bits are equal in summation to the total entropy {H) of the system. We consider 
granitic rocks to be dominantly the products of the crystallisation of hydrous silicate 
magmas, at high temperatures. Thus, for a granite, every aspect of the rock, from its 
inception as a melt, its initial chemistry, mode of segregation, ascent, chemical evolu
tion and emplacement are subsumed under H'. A close association exists between in
formation and uncertainty, so that the greater the information content, the more uncer
tain the answer. Stated differently, the greater the uncertainty of an answer, the greater 
its information content.

Information

Melting

noise

I
noise

I->■ Channel ------1----->

transmission

Segregation------ >■ Ascent

Destination

Emplacement

Figure I. General concept of information theory as defined by Shannon (1948). Information at source is 
transmitted via a channel to a final destination, where the message is received. Noise may be introduced 
during transmission. Recast in these terms, granite magmatism is seen as a process whereby information about 
the source region is transmitted by the melt through an ascent channel to emplacement, where the information 
stored within a pluton may be decoded by geoscientists.

We stress that while the entropy of Shannon is not strictly speaking the entropy (S) 
of thermodynamics, the second law can be expressed as:

S = k(\nP) (1)
where k is the Boltzmann constant and P is probability. Thus, the less probable an 
event, the lower its entropy (Schrodinger, 1944, see also Haken, 1983). In a similar 
way, information theory forces us to assign probabilities to events. For a system of N 
alternatives, with Pj probabilities from 1 to n, the information or entropy content of the 
system is:

H = -KtPi\og2Pi (2)
/=i

where K is a unit of choice (Shannon, 1948). As an example, for a case where a system 
has two alternatives that are both equally likely, P( = 0.5 and H = - \. Alternatively, if 
one or other probability = 0, then // = 0. In reality, for a given number of alternatives, H 
will have a range of values (from 0 to 1) that depends ultimately on the sum of the pro-
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babilities P/ (Ferguson, 1988). We are thus faced with the intriguing problem of assi
gning probabilities to all the events that lead to the formation of a pluton!

Not surprisingly, any theory that attempts to apply probabilities to a finite number of 
events will have limitations, especially when the number of events becomes very large. 
In cases where probabilities remain discrete, Ulam's theorem, which predicts an 
dependence on interactions between events, should apply (Allan, 1972). It is also noted 
that a purely statistical treatment based on probability theory may not be the best way to 
estimate the sensitivity of a system to external conditions (Haken, 1983). Other techni
cal problems inherent in any application of information theory are uncertainties introdu
ced by redundancy and noise (insignificant information). Redundancy (/?) is repeated 
information, and is expressed as /? = /7max~^^max) where //max is the maximum 
quantity of information in a discrete event N. Where a connection exists between groups 
(x and y), ffmax = HX + Hy -(Hxy).

GRANITES AS INFORMATION SYSTEMS

THE GRANITE SERIES

H.H. Read’s granite series is a seminal treatment of granitic rocks in a holistic way. 
Read (1957) proposed that the numerous kinds of granites found in the continental crust 
are not distributed haphazardly, and that certain types recur in similar parts of orogenic 
belts and at comparable stages in orogenic evolution. According to Read (op. cit.), the 
essential idea behind the granite series is that of the mobilisation and transport of mate
rial formed in-situ in the crust. Thus, during the course of orogeny, early, deep-level, 
anatectic migmatites are followed in the mid crust by forcefully intruded granites, 
which themselves give way finally to high-level, permitted intrusions. It is now recogni
sed that Read’s granite series does not provide a reliable account of the evolution of 
granites during orogenesis. Major problems exist in relating migmatite terranes to large 
granite plutons, while many high-level ring complexes are related directly to the influx 
of mantle-derived basaltic magmas. Furthermore, the realisation that granitic melts may 
be transported large distances through the crust along faults and as self-propagating 
fissures (Clemens and Mawer, 1992; Petford et al., 1993) challenges the classical ideas 
of forceful versus permitted ascent and emplacement mechanisms. However, in attemp
ting to relate the various styles of granitoid magmatism in time and space, Read’s gra
nite series does provide an orderly and sequential account of granitoid formation that 
can be examined further using information theory.

Most granite workers (see Brown, 1994 for a review) would accept that pluton for
mation involves four main steps; 1) melt generation, 2) melt segregation, 3) vertical 
ascent of magma from the source region and 4) magma emplacement and solidification. 
Given the prevailing axiom that granites reflect the P-T-X conditions of their source 
regions (e.g., Chappell and White, 1974; Clemens, 1984; Clemens and Vielzeuf, 1987), 
granite magmatism, expressed in the language of information theory, is seen essentially 
as the transmission of information, or entropy (//'), about the source region by the 
magma, from the lower to the middle or upper continental crust, via ascent and empla-
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cement. This sequence of generation and segregation (input or data encoding) ascent 
(transmission) and emplacement (received message) is set out in figure 1.

Noise is added to the system through the effects of deformation, erosion and sam
pling error, although these can be overcome to some degree by information input from 
the observer. An example of redundancy (see previous section) might be the presence of 
an ancient radiogenic component in the source region as indicated by restitic cores in 
zircon crystals. However, no extra amount, or repetition, of zircon crystals adds any
thing new to the message that an inherited component is present.

THE CASE OF A SINGLE EVENT: MAGMA GENERATION

To show how information theory forces us to consider granite formation in a holistic 
manner, we take as an example the processes involved in the generation (defined here as 
partial melting and segregation) of melt in the source region. Information theory allows 
iis to consider the generation of melt as a discrete event (Fig. 2). Granites start out in 
their source regions as partial melts. However, as a number of different rock types can 
act as protoliths for the magmas, we are faced instantly with a choice of possible source 
rocks. We also need to know the amount of melting, which is, in turn, related to the 
pressure, the duration and intensity of heat input, the presence or absence of a fluid 
phase (and its composition), the porosity, permeability, thermal conductivity, thermal 
diffusivity and latent heat of fusion of the source, along with the physical properties 
(e.g., viscosity and density) of the resultant partial melt. These environmental variables, 
and their possible outcomes during a partial melting event, are summarised in figure 2. 
An adequate description of the generation process, using information theory, requires 
the assignment of a probability level to each of the three possible outcomes: I) extrac
tion with no ponding, 2) ponding with no extraction or 3) some combination of these. 
We might choose as most realistic P = 1 for option 3.

Possible 
outcomes

MELT.
extraction with no ponding P = ? 

ponding and no extraction P=? 

some combination of these P- ?

Environmental
conditions
heat source 
depth of melting 
fluids present 
source rock-type 
source porosity 
source permeability 
volatiles in melt 
melt viscosity 
melt density 
melt proportion 
redox conditions 
stress regime

Figure 2. Summary of some of the processes (environmental variables) involved in the generation of granitic 
melt during a partial melting event. Also shown are some possible outcomes that describe the subsequent fate 
of the melt. The reader is urged to consider the geological controls that would favour one event having a 
higher probability {P) that any other.
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THE CASE OF MULTIPLE EVENTS: ASCENT AND EMPLACEMENT

The problem becomes more acute when we consider ascent and emplacement as well as 
generation. We now have to consider not just an individual event, but also the rela
tionships between multiple events. In magmatic systems that involve the generation, 
movement and solidification of melt, each successive event depends upon the previous 
one since, without melt, there would be nothing to ascend or be emplaced. For the four 
dependent events of melt generation (M), segregation (.S'), ascent (A) and emplacement 
(E) with n possibilities for each event, the combined entropy H(m,S,A,E) of the system 
is:

~ ^{M) ^(5) H(A) ■*" H(E)‘
Thus, for two or more dependent events, the total information content is equal to or less 
than the sum of the information contents of the individual events (Shannon, 1948). The 
implications of this statement are frustrating yet illuminating. During the process of 
granitoid formation, some information may be lost irretrievably. Unfortunately, infor
mation theory does not tell us from where in the system any potential loss will occur, or 
indeed whether any information has been lost at all.

GRANITOID MAGMATISM AS A COMMUNICATION SYSTEM

We are now in a position to consider a model describing the total information content 
involved in granitoid magmatism, from source to final exposure at Earth’s surface, in a 
way similar to that first proposed by Tasch (1965) for the process of fossilisation. We 
begin by defining a set of variables that take into account the different processes that are 
likely to occur in the formation of a granite. The total amount of information (H1) 
passed is a combination of the original source information (Hs) less the amount of ori
ginal geochemical information lost during hybridisation or assimilation and late-stage 
fluid processes, and information lost during deformation caused by any tectonic activity 
that may occur during uplift (tx in figure 3). Data on physical parameters (e.g., density 
and viscosity) that control melt segregation and ascent are encoded cryptically in the 
bulk magma composition. Information lost by weathering at Earth’s surface is expres
sed as A. The terms together constitute noise (AO in the line of communication. Against 
this irretrievable loss stands information repeated through redundancy (R), and energy 
input from the investigators themselves (8), defined by Tasch (1965) as derivative data. 
This final input is crucial since, without an observer, the output information cannot be 
decoded. These relationships are related symbolically in the expression:

H'= [HS-N-A1 + R + 8 (4)

Figure 3 shows this relationship schematically, in the form of a delayed feedback loop 
(Elasser, 1958). Shading denotes those parts of the loop that occur deep within the crust, 
and are thus normally unobservable. The loop shown here is considered as time- 
asymmetric, in that processes occurring within the crust may be cyclic (dashed lines). In 
contrast, the granite body, in its final crystallised state, can only ever make one journey 
to Earth’s surface with the majority of its original source information content intact. 
Evidence for cyclicity within the crustal loop may be found in the inferred pulsed nature
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of emplacement of many large plutons (e.g., Pitcher, 1979; Petford, 1996). The fact that 
different pulses are distinguishable means that each granitic component of a composite 
pluton has a unique MSAE history. Subsequent reburrial and remelting would erase 
much of this original source information, and the resultant partial melt would have a 
new, distinct information content.

Output (/f = [Hs-N-A]+R+6) at r.

A

*X

exposure <-------n

M
Input at tQ

emplacement tE

/ t
/

/

/ 7 rfl-i
/

/ ascent
/

/ l-a/J
/

/

melt g(____

Figure 3. Feedback loop showing the processes involved in granitoid formation during crustal melting. Input 
at time tQ leads to the formation of melt in a time t^ that contains primary information about its source (Hs). 
Segregation is followed by magma ascent and emplacement. These processes occur within the crust (shaded) 
and although unobservable may be cyclic (dashed line). Post-emplacement uplift and exhumation leads ulti
mately to exposure, where irretrievable information loss occurs due to weathering (A). Further loss of infor
mation through noise (AO is counteracted by repetition (R) and energy added by the investigator (8). Total 
information output is defined as H'.

PLUTON ASSEMBLY: A HOLISTIC APPROACH

Explicit to the holistic system described here is a temporal component that links the 
various stages of MSAE together. During assembly of a pluton, the total assembly time 
(ta) will be the sum of the times required for generation of partial melt (tM), segrega
tion of this melt (ts), ascent (tA) and emplacement (tE):
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(5)
Assembly time (ta) will also depend upon the volume of the magma pulse, itself de

pendent upon the amount of partial melt formed in the first place. With the possible 
exception of diapirism, there is no reason to suppose that ascent and emplacement must 
occur either by the same mechanism or at the same volumetric rate (see e.g., Clemens et 
al., 1996). If we assume the volume condition:

Vm>Vs>Va>Ve (6)
which takes into account the volume of melt not mobilised during segregation and as
cent, the rates of the individual processes are given by:

r -Ll
M~ t

Vs
t

rA = VA
rc = (7)

These rates assume that the processes are continuous (i.e., there are no hiatuses). From 
the above analysis, we can identify the following limiting conditions that will disrupt 
the MSAE process and lead to temporal breaks (pulsing) in pluton formation: 1) r^< r$ 
(rate of melting is less than rate of segregation) and 2) rycra (rate of segregation is less 
that rate of ascent). There will be positive mechanical feedback between segregation 
rate and volumetric ascent rate. However, the rate of melting should not exceed the rate 
of segregation (r^>rs) because of negative chemical feedback (control of the melting 
rate) induced by melt accumulation. Total melt volume and melting rate will therefore 
control segregation mechanism and magma ascent rate. By combining the expressions 
for volume and rate it is apparent that:

> h'> ^

suggesting that the rate limiting step in granitoid formation is the time (tM) required to 
generate melt in the source region.

At present, the rates at which melt generation, segregation, ascent and emplacement 
occur within the crust are poorly known, although recent work suggests that melt segre
gation and ascent take place within months to years (Sawyer, 1991, 1996; Clemens and 
Mawer, 1992; Petford, 1995). Theoretical and experimental modelling of partial melting 
above a mafic heat source suggest time-scales of melt generation on the order of 10^- 
10^ years (Huppert and Sparks, 1988), in accordance with the above results. Our analy
sis of granite formation based on information theory predicts that emplacement should 
also be a geologically rapid process. It also implies that granitoid magmatism may be 
self regulating, with the final volume of plutonic material at emplacement controlled by 
feedback mechanisms operating between the individual stages of melting, segregation 
ascent and emplacement, rather than a single, dominant MSAE process.
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M
odels for granitic melt viscosities reveal the influ
ences of H20, temperature and tectonics on melt 
segregation, ascent and emplacement. Low-J 
magmas are wetter than those formed at high- T, 
so Iogi0 melt viscosity (Pa s) is 3.2-6.3 for leucogranite to 

tonalite, only 10-1000 times more viscous than basalts. There 
should be no correlation between critical dyke width (to prevent 
freezing) and tectonic setting. Granitic magma ascent rates in 
dykes vary by <10%, and melt extraction rates should be similar 
in different settings. Emplacement styles are not predetermined 
by composition or temperature, but by local structures and 
tectonics.

Keywords: granites, melts, viscosity.

Viscosity is a fundamental physical property of silicate melts 
that controls nearly all aspects of magma transport in the 
lithosphere (from melt extraction to intrusion or eruption), as 
well as important aspects of the chemical evolution of mag
mas. The first published viscosity measurements on melts of 
granitic composition (synthetically hydrated obsidians) were 
made by Shaw (1963), who reported values of logI0 viscosity 
(Pa s) ranging from about 4.5 to 5.5, depending upon tem
perature and melt H2Q content. Subsequently, Shaw (1972) 
reviewed all available data and presented an empirical 
method for estimating the viscosities of complex natural 
silicate melts using compositional data (major-element oxides 
plus H20). Shaw cast his results as In (natural log) viscosity 
(poise), leading to values commonly in the range 12-14 for 
granitic melts. This model proved extremely popular with 
petrologists and has, until quite recently, been used widely to 
estimate silicate melt viscosity over a range of compositions 
and temperatures. While this method has been successful in a 
number of mechanical and fluid dynamical studies that 
required knowledge of granitic melt viscosity, recent detailed 
experimental work on silicate melts of granitic composition 
(Dingwell et al. 1996; Baker 1998; Scaillet et al. 1998; Holtz 
et al. 1999) allow a more rigorous testing of the empirical 
model of Shaw (1972). This is important because any signifi
cant departure from melt viscosity estimates based on Shaw 
(1972) of c. 10s to 106 Pa s would have important bearing on 
melt segregation and transport mechanisms (Clemens & 
Mawer 1992; Petford et al. 1993; Brown et al. 1995; Sawyer 
1996).

In this contribution recent viscosity estimates of melts of 
granitic (s. 1.) composition are compared with the empirical 
method of Shaw (1972) and used to make some conditional 
statements on the relative influences of H20 and temperature 
on melt viscosity of two end-member compositions, a Cordill- 
eran tonalite (63 wt% Si02) and a two-mica leucogranite 
(75 wt% Si02). These examples were chosen as they represent 
rocks from the extrema of granitic compositional space, and 
found in very different tectonic settings—the former in a 
continental arc and the latter in a continental collisional 
environment. The ranges of estimated viscosities are then used 
to investigate the influence of tectonic environment on melt 
properties relevant to segregation, ascent and emplacement.

Viscosity. Dynamic viscosity is a measure of internal friction in 
moving fluids that arises as a consequence of molecular 
collisions. Where a constant of proportionality exists between 
the shear rate (e) and shear stress (r) such that:

T = >7£ (1)

where r\ is the dynamic viscosity, the fluid is said to be 
Newtonian. Most silicate melts are likely to behave as 
Newtonian fluids until the solids fraction (mostly suspended 
crystals) exceeds some critical value, that ranges from around 
30 to 50 vol.% (Marsh 1981; Sparks & Marshall 1986; Lister & 
Kerr 1991; Pinkerton & Stevenson 1992; Lejeune & Richet 
1995; Petford & Koenders 1998). As this treatment deals only 
with the properties of the melt phase, the role of suspended 
solids is ignored. The dynamic viscosity of most silicate melts 
decreases with increasing temperature and, over a limited 
temperature interval (200-300°C) melt viscosities (q) can be 
fitted to an Arrhenian equation of the form:

\\ = T\0exp(E/RT) (2)

where q0 is a constant, E is the activation energy, R is the gas 
constant and T is temperature (K).

Physicochemical controls on melt viscosity. It is well known that 
the viscosities of silicate melts are lower at higher T and melt 
H20 contents (see above). Pressure has a much smaller effect, 
tending to decrease the viscosity slightly at higher P (e.g. 
Scarfe et al. 1987). Baker (1998) recently summarized the 
relative importance of these parameters and concluded that the 
most significant variable is melt H2Q content. Melt silicate 
composition and oxygen fugacity (/02) will also modify 
viscosity through their effects on melt structure (e.g. Dingwell 
et al. 1988; Mysen & Virgo 1989).

When considering the relative importance of T and melt 
H20 content in controlling granitic melt viscosity, it should be 
realized that these variables are generally interdependent. This 
fact is not commonly appreciated but is best understood by 
considering the fluid-absent partial melting of a hydrous 
source rock in a closed system. It is important to remember 
here that the majority of mobile granitic melts are the products 
of such reactions, rather than of fluid-saturated partial melting 
(e.g. Clemens & Droop 1998).

The P-T diagram in Fig. la shows the fluid-absent melting 
reaction H=A+M in the simple system A-H,0. The system 
contains an anhydrous mineral (A), a hydrous mineral (H), 
H20 fluid and a range of melt compositions (M), all with more 
H20 than the hydrate H. In nature H would be biotite or
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a.

H M

fluid- absent
reaction

b.

reaction

HsA + HjO

oHjO-1 03 03

p-----

Al + HjO ffi-AZ + HzO

Fig. 1. (a) P-T and (b) T-aHjO sections through the system 
A-FLO, showing the various subsolidus and melting equilibria, 
illustrating the fact that, in fluid-absent crustal melting (analogous 
to reaction H=A+M), temperature and HzO activity cannot vary 
independently, (c) P-T section similar to (a), but showing the 
independent breakdown of two different hydrous minerals (HI and 
H2). For granitic melts, the sohdus does not vary significantly with 
minor, non-volatile element composition; it is shown here at three 
values of aH20 (1.0=wet, 0.5 and 0.3). The dehydration reactions 
intersect the solidus and generate two fluid-absent melting reactions: 
H1=A1 + M (at lower T) and H2=A2+M (at higher T). At any 
given melting pressure (p), it is clear that the lower-F reaction 
occurs at higher aH20 and therefore the melt produced will have a 
higher H20 content than the melt formed by the higher-F reaction. 
See text for full discussion.

hornblende, for example, and A would be minerals such as 
pyroxenes and garnets. As the figure shows, the fluid-absent 
melting reaction is fixed at any given P the T. The F-aH20 
diagram in Fig. lb is for the same reactions as in Fig. la, but 
plotted at some fixed P above the invariant point. As is 
apparent, the fluid-absent melting reaction is not only pinned

Table 1. Compositions of model melts (100 wf/o anhydrous)

Leucogranite Tonalite

Si02 75.34 64.23
Ti02 0.06 0.66
ai2o3 14.46 16.90
FeO(t) 0.64 5.18
MnO 0.05 0.10
MgO 0.00 1.61
CaO 0.81 4.31
NazO 4.55 3.02
K20 4.01 3.69
p2o5 0.08 0.30

Data from Searle et al. (1992) for the leucogranite and Atherton et al. 
(1979) for the tonalite.

at its T, but also its aH,0. This means that, for any given 
pressure, the temperature and aH20 of such a fluid-absent 
reaction are fixed. Furthermore, since the aH20 controls the 
H20 content of the melt produced, it is clear that T and melt 
H20 content cannot vary independently during most crustal 
melting episodes. This rather strong statement is based on a 
theoretical analysis that assumes that the melting reactions are 
univariant. It should be noted that partial melting reactions in 
real, complex, natural rocks are likely to have much higher 
variance (due to solid solution in both product and reactant 
minerals). This results in reactions that form bands, in P-T 
or F-aH^O space, within which T and melt H20 content can 
have some independence. However, experiments (e.g. Vielzeuf 
& Holloway 1988) show that these T bands are quite narrow 
in some crustal magma source rocks, allowing only limited 
independent variation.

Granitic magmas formed by relatively low-F reactions will 
be wetter; those formed by high-F reactions will be drier (e.g. 
Clemens et al. 1997). This point is illustrated in Fig. 1c. Since 
melt viscosity decreases with increased F and melt H20 
content, there is a natural ‘buffering’, in which the effect of 
higher F tends to be counterbalanced by the consequent lower 
melt H20 content. Essentially, this buffering would always 
exist, except in situations of wet melting. However, even in that 
case, the supply of H20 is likely to be limited, so the accessible 
range of melt viscosity is likely to be limited (e.g. Clemens & 
Droop 1998).

From the above, it is clear that we should consider granitic 
melt viscosity in terms of realistic covariance of F and melt 
H20 content. We attempt to do this in the examples below. 
The results will show that granitic magmas formed over a wide 
range of conditions will actually have quite a narrow range of 
melt viscosities (see also Clemens 1998).

Model materials and conditions. The extremes of granitic melt 
compositions found in Earth’s crust are likely to be repre
sented by syenogranites on one hand and tonalites on the 
other. For our models we therefore chose a garnet two-mica 
leucogranite from the Baltaro batholith of the Karakoram 
Massif (Searle et al. 1992) and a Cordilleran tonalite from the 
Incahuasi superunit in the Arequipa segment of the Peruvian 
Coastal Batholith (Atherton et al. 1979). Table 1 shows the 
major-element compositions of these rocks (assumed former 
granitic melts).

We have chosen to model the partial melting reactions 
that created our two model melts as occurring in the lower
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a.
leucogranite 800 MPa, 750 "C

'ideal'H;©

melt H 20 content (wt%)

b.
TonaUte, 800 MPa, 950 ‘C

melt H jO content (wt%)

Fig. 2. Calculated viscosity plotted against melt H,0 content for (a) 
leucogranitic and (b) tonalitic liquids. Curves are drawn through the 
results of models by Shaw (1972; triangles and thick line), Hess & 
Dingwell (1996; squares). Baker (1998; diamonds) and Holtz et al. 
(1999; circles). Error bars are shown according to the estimates of 
uncertainty given by the various authors. Assumed ideal melt H,0 
contents are indicated.

continental crust at a pressure of about 0.8 GPa. We assume 
that the leucogranite was formed by a relatively low-7 melting 
reaction involving muscovite breakdown. From the exper
imental work of Patino Douce & Harris (1998) we estimate a 
temperature of 750°C for this reaction. From the locus of the 
haplogranite solidus (Johannes & Holtz 1996) we determined 
the aH20 and hence the H20 content of the melt (about 
6 wt%, using the solubility model of Burnham 1979). For 
the tonalite, a likely source material is potassic, calcalkaline 
amphibolite (Roberts & Clemens 1993). The probable melting 
reactions involve hornblende breakdown and would operate 
mostly at 7>900oC (e.g. Rapp & Watson 1995). At a notional 
0.8 GPa and 950°C the melt solidus will be at a value of aH20 
that fixes melt H,0 content at close to 4 wt%.

Given the above model, we have used the different available 
viscosity calculation schemes to produce graphs showing the 
variation of the viscosity of leucogranite melt at 750°C and 4 to 
8 wt% H20, and for the tonalite melt at 950°C and 1-5 wt% 
H,0 in the melt (Fig. 2).

Results. As can be seen from the plots in Fig. 2, within the 
credible ranges of melt H2G contents, both the leucogranite 
and tonalite melts are predicted to have viscosities within 
quite narrow ranges. Taking the three most recent models, 
these ranges are log10r| (Pa s)=4.29-5.68 for the leucogranite 
(Fig. 2a) and 3.19-6.55 for the tonalite (Fig. 2b). Using phase 
equilibrium constraints, Scaillet et al. (1998) reached a similar 
conclusion, that granitic magmas always have log,,,!) (Pa s) 
close to 4.5, irrespective of magma temperature or level of 
emplacement.

The first thing that is immediately apparent is that granitic 
melts are only one to three orders of magnitude more viscous 
than basaltic melts. The second significant observation is that 
there is little difference between the predicted viscosities of 
leucogranite and tonalite melts. This point is made more 
obvious if we compare the two melts at their respective ‘ideal’ 
H20 contents; 6 wt% gives a median log 10 (Pa s) of 4.91 for 
the leucogranite and 4 wt% gives 3.75 for the tonalite, a 
difference of less than 1.2 log units. This narrow range of 
predicted viscosities strictly applies to unfractionated granitic 
melts. As magmas fractionate, H20 contents increase, but 
temperatures fall. The two effects largely compensate, leaving 
melt viscosity approximately constant. However, additional 
volatile components (e.g. B or F) will be concentrated during 
fractionation and could extend viscosity to lower values (e.g. 
Baker & Vaillancourt 1995). Increasing crystal content will 
eventually extend magma viscosity to much higher values.

Discussion. One of the initial implications of the critical dyke 
width model of Petford et al. (1993, 1994) was that granitic 
dyke widths would need to be wider in collisional (compared 
to other) tectonic settings, in order to accommodate the 
higher presumed viscosities of the lower temperature melts. 
The new results on granitic melt viscosity now show this not 
to be true, and that there should be no correlation between 
critical minimum dyke width (wc), the minimum width of 
the dyke to prevent freezing, and tectonic setting. Indeed, the 
new viscosity results yield estimated values of wc for the 
leucogranite of c. 2 m, and 1.3 m for the tonalite. The strong 
control of melt viscosity on flow rates also means that 
average magma ascent rates vary by less than 10% 
(6x 10-3m s-1 for the leucogranite and 7x 10-2ms-1 
for the tonalite), given similar density contrasts between 
magma in the dyke and surrounding country rock. By way of 
comparison, basaltic melts (which have a low density con
trast with the crust) will ascend at around 10“ 1 to 1 m s“ *, 
with critical dyke widths of about 0.4 m. Comparable argu
ments apply to granitic melt segregation at source. Here, 
order-of-magnitude ranges in viscosity in both arc and conti
nental collisional settings imply that, in principle, melt 
extraction rates should be broadly similar. The lack of 
sensitivity of granitic melt viscosity to any credible variations 
in temperature, melt H20 content or silicate composition 
means that any idea that granitic magma emplacement style 
is controlled by melt composition or properties should be 
abandoned (see also Scaillet et al. 1998). Assuming that a 
granitic magma is initially low in crystal content, there is 
nothing about its composition that predetermines how it 
will be emplaced in the crust. We must look to structural 
and tectonic explanations for the variety of emplacement 
styles.

We are grateful for the comments and useful suggestions made by 
the reviewer—A. E. Patino Douce.
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Are granitic intrusions scale invariant?
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Published length (L) and thickness (T) data on 135 laccolith and 21 
granite intrusions define power-law relationships of the form L-kP 
typical of systems exhibiting scale invariant (fractal) behaviour. Both 
data sets are characterised by an exponent ad (0.S8 ±0.1 for laccoliths 
and 0.80 ± 0.20 for plutons) that reflects an inherent preference for scale 
invariant tabular-sheet geometries. These power-law size relationships 
can be explained in mechanical terms by the need for an incoming 
magma sheet to travel laterally some distance before vertical thickening 
can occur. Sheet thickness is a function of available magma pressure 
wliich for an intrusion fed by a feeder dyke is proportional to the vertical 
magma transport distance.

Keywords: granites, intrusions, magmas, shape, fractals.

Despite nearly 100 years of discussion there is still no consen
sus on how granitic magmas make space for themselves in the 
continental crust. The problem is non-trivial—in a recent 
example Tobisch et al. (1995) estimate that within the central 
Sierra Nevada of California alone more titan 4.5 x 10s km3 of 
granitoid material was intruded into the crust in less titan 
30 Ma, The way in which crustal rocks make space for 
incoming granitic magma may be recorded in the final three- 
dimensional shape of the intrusion. Many intrusions have 
outward-dipping contacts, which on extrapolation with depth 
leads to the popular textbook image of batiioliths without a 
well-defined floor. Clearly, granitic batholiths cannot expand 
indefinitely with depth. As a helpful first-order approximation, 
geophysical data and heat flow measurements constrain typical 
thicknesses to less than 12 km (Hamilton & Myers 1974; Lynn 
et al. 1981; Oliver et al, 1993; Vejmelek & Smithson 1995). 
Thus, with horizontal dimensions in the tens to hundreds of 
kilometres range, in three dimensions batholiths are inter
preted to be sheet-like. A limited, but growing body of field 
and geophysical evidence suggests that component plutons too 
are sheet-like in form (horizontal lengths in excess of vertical 
thickness) as opposed to equi-dimensional shape.

A good example of how extrapolation of map-based (2D) 
interpretations of intrusion shape with depth can lead to severe 
misinterpretations of actual intrusion geometry comes from a 
recent high-resolution seismic reflection survey beneath the 
Lake District batholith. Here, plutons previously modelled 
using gravity data as outwardly expanding ‘diapiric’ structures 
are instead interpreted to be a stacked series of c. 1 km thick 
tabular sheets separated by highly reflective slithers of country 
rock or basaltic sills (Evans et al. 1993a, 8).

These observations prompted us to examine available pub
lished data on the dimensions of granite intrusions for evidence 
of sheet-like geometies. Using fractal analysis techniques we 
show how the dimensions of granite intrusions at the pluton 
scale define a power-law (scale-invariant) relationship between 
intrusion length and thickness that reflects a fundamental 
geometrical similarity between laccoliths and plutons. We

argue that the physical meaning behind this relationship is best 
explained if both laccoliths and sheeted plutons are a result of 
similar ascent and emplacement mechanisms.

Evidence for sheeted plutons. Recent examples of plutons with 
sheet geometries include the Goodale and Aberdeen intrusions, 
east central Sierra Nevada (Frost & Mahood 1987), Bays-of- 
Maine batholith in south central Maine where plutons inter
preted to be 3-7 Ion thick have areal extents up to 1600 Ion2 
(Sweeney 1976) and Hercynian intrusions in the Armorican 
Massif (France), where vertical extents of 3-5 Ion on average 
and map axial lengths of 18-24 km suggest tabular (sheet like) 
geometries (Vigneresse 1983). Sheet intrusions with high aspect 
ratios (40-100) are reported from the Wichita Granite plutons, 
Oklahoma by Hogan & Gilbert (1996). Kilometric-sized tabu
lar rapakivi plutons, emplaced into major extensional fault 
systems, have been reported from Greenland (Hutton et al. 
1990). The Himalayan Gangotri pluton suggests that tabular 
geometries can also occur in collisional tectonic settings 
(Scaillet et al, 1995) in addition to the Lake District batholith 
summarized above.

On a smaller scale, there is clear field evidence that certain 
individual plutons are themselves constructed from metre- to 
decimetre-scale tabular sheets (Brown et al. 1981; McCaffrey 
1992), This is an important observation, and raises the intrigu
ing possibility that some degree of scale-invariance may be 
preserved in, or even control, granitoid intrusion up to tire 
batholith scale. We develop tins idea in more detail in the 
following section.

Power law behaviour. Based on relatively simple analysis, many 
geological phenomena show scale-invariant behaviour charac
terized by power-law or fractal size distributions (Turcotte 
1992) including earthquakes, faults (Walsh et al. 1991) and 
mineral veins (Johnston & McCaffrey 1996). Possible scale 
invariance within a dataset can be assessed easily from a plot 
of displacement versus size (length or width), where power-law 
scaling is characterised by a linear relationship in log-log 
space between size and thickness (Fig. 1). This type of power 
law relationship, with scatter over an order of magnitude, is 
commonly exhibited by fault and vein dimensions (Watterson 
1986; Johnston & McCaffrey 1996), While it is relatively easy 
to determine the size distribution of these features, similar 
analysis of the dimensions of granitic intrusions is more 
challenging.

For the purpose of this study we define length (L) as the 
longest axis of a pluton, for a sub-horizontal tabular-sheet 
pluton this will be the longest axis in map view, and thickness 
(7) is the depth to the floor or shortest axis perpendicular to 
the length in cross-sectional view. Very few data are available 
on the three-dimensional shapes of plutons. Where plutons are 
tilted it is possible to estimate thickness, but an accurate 
measurement of true length is generally not possible from field 
studies. For flat-lying plutons with steep contacts, depth to the 
floor can. be estimated only from geophysical methods and a 
consideration of how much material has been eroded away 
since emplacement. We assume that plutons currently exposed 
have undergone negligible erosion from their roof levels rela
tive to their overall thickness. This may in part be because 
granites have a stabilizing influence on the crust (Leake & 
Cobbing 1993). Subsequent deformation may modify the origi
nal geometry and sheet plutons have been tilted, folded, or 
faulted, e.g., bell-jar plutons formed during venting. Each 
individual case is examined to determine whether the tectonic
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Fig. 3. Plot showing variation in intrusion thickness (7) as a 
function of magma pressure (P„) calculated from (eqn. 2) assuming 
a Youngs modulus (£) of 3 * 1010 Pa and a Poisson ratio (v) of 0.2. 
Maximum magma pressure of 100 MPa (1 kbar) limits individual 
intrusion thickness in the upper crust to c. 2.5 km.

on flexure of a thin cover sequence it is nonetheless instructive 
to compare estimates of intrusion thickness obtained from eqn. 
2 with observed values. The relationship between magma 
pressure and intrusion thickness is shown graphically in Fig. 3. 
Increasing magma pressure at the level of emplacement leads 
to a linear increase in intrusion thickness. As the total available 
magma pressure in the crust is unlikely to exceed 100 MPa 
(Price & Cosgrove 1990), this limits the maximum thick
ness of individual intrusions to c. 2.5 km (Fig. 3). This maxi
mum thickness for a single intrusion event implies that 
thicker intrusions (Fig. 2) may themselves be composite sheet 
intrusions.

Johnson & Pollard (1973) proposed that small (<lkm 
length) intrusions spread laterally with high aspect ratios 
before thickening by upward inflation to form laccoliths. By 
analogy we propose that pluton and batholith construction 
may reflect a series of birth events followed by inflation and 
coalescence. If, as seems likely, larger plutons have grown from 
smaller ones following power-law inflation then pluton growth 
is characterized by elongation rather than inflation resulting in 
acl (Figs. 2 & 4). We suggest that emplacement may be 
achieved by a two-stage self affine process that reflects (1) 
initial lateral spreading (birth, a just greater than 0) followed 
by (2) subsequent vertical thickening (growth, a>l, Fig. 4). 
This transition during emplacement from lateral spreading 
(birth) to vertical growth and thickening is similar to the 
growth of certain quartz veins (Johnston & McCaffrey 1996), 
where growth takes place at a rate proportional to thickness 
(Clark et al. 1995). For igneous systems, our model is predic
tive and testable through field and geophysical measurements 
of pluton dimensions, petrological and geophysical estimates 
of the depths of magma generation and the internal composi
tion of intrusions.

Granitic magma ascent, emplacement and intrusion thickness.
During the emplacement and growth of laccoliths, the avail
able magma pressure (Fig. 3) increases in proportion with the 
vertical height of the feeder dyke (Johnson & Pollard 1973). 
Put differently, the available magma pressure during emplace
ment depends on the transport distance and hence depth to the 
source region. The geometrical similarity and observed scaling 
relationship between laccoliths and plutons (Fig. 2) can thus be 
explained if granitic plutons are emplaced in a similar way to 
laccoliths, with their final aspect ratio a function of available 
magma pressure during intrusion. While it is generally ac
cepted that laccoliths are fed from depth by narrow conduits

Fig. 4. A two-stage growth model for sheet intrusions. Lateral 
spreading causes a self-affine horizontal elongation (a 41) followed 
by vertical thickening or self affine inflation (a> 1). The net result is 
a seif-affine (a slightly less than 1) scaling of sheet intrusions that is 
reflected in the dimensional data (Fig. 2).

or dykes (Johnson & Pollard 1973; Corry 1988), there is still 
considerable debate as to the precise ascent mechanism of 
granitic plutons, with current opinion divided between tradi
tional diapiric ascent (Paterson & Vernon 1995; Weinberg & 
Podladchicov 1994) and more rapid dyke transport (e.g., 
Clemens & Mawer 1992; Petford et al. 1993). We suggest that 
the specific emplacement model given here for sheet intrusions 
is strongly coupled to the ascent mechanism, with vertical dyke 
ascent a prerequisite for horizontal sheet geometries. The final 
size of the intrusion may simply reflect the depth to the source 
region, with the deepest source regions providing the greatest 
amount of magma pressure at the level of emplacement.

Many current models for granite emplacement stress the 
importance of active faults or shear zones in focusing magmas 
into transient dilational jogs (Hutton 1988). Proposed em
placement mechanisms of plutons in magmatic arcs include 
episodic extension in the overriding plate (Grocott et al. 1994; 
Tobisch et al. 1995), strike-slip faulting in the overriding plate 
(Tikoff & Teyssier 1992; Petford & Atherton 1992) and oro- 
genic contraction (Ingram & Hutton 1994). The explicit link 
between tectonism and plutonism in these models means that 
rates of tectonic processes will be a major controlling factor in 
pluton emplacement (Paterson & Tobisch 1992). Plutons em
placed within active shear zones generally show tabular sheet
ing on a metre scale as their emplacement i.e., steep sheets in 
transcurrent fault zones, is tied to fault increments and their 
orientation controlled by fault geometry (McCaffrey 1992). 
Most high-level plutons are not emplaced entirely within fault 
zones, however, and we visualize that tabular sheets have 
upper and lower contacts defined by pre-existing structures in 
the wall rocks such as shear zones, formational boundaries, 
bedding or cleavage with one or more of the steep pluton sides
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fault controlled. We suggest that emplacement in these sites 
may not necessarily be tied to average fault slip rates. The 
movement sense on these fault zones may be dip-slip, transcur
rent or oblique-slip and may change with time due to changes 
in overall plate vectors or stress switching. Steep faults effec
tively partition the crust into blocks into which the tabular 
sheets are emplaced. Successive increments of fault throw 
would focus stress on the pre-existing structures to form 
potential detachment horizons in the sidewalls. Emplacement 
in these sites is most likely to occur in relatively short bursts 
(c. UT-IO3 years) when magma ascending in dykes reaches its 
level of neutral buoyancy or intersects a free-slipping detach
ment horizon (Corry 1988).

We thank J. Clemens, J. Grocott and D. Hutton for useful 
discussion. We also thank D. Evans (BGS) for his input during an 
earlier phase of this study and M. Brown for a thorough review of 
an earlier version of the manuscript. The paper is dedicated to the 
memory of Dave Johnston.
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The origin of granites was once a question solely for petrologists and geochemists. But in recent years a consensus has emerged 
that recognizes the essential role of deformation in the segregation, transport and emplacement of silica-rich melts in the 
continental crust. Accepted petrological models are being questioned, either because they require unrealistic rheological 
behaviours of rocks and magmas, or because they do not satisfactorily explain the available structural or geophysical data. 
Provided flow is continuous, mechanical considerations suggest that—far from being geologically sluggish—granite magmatism 
is a rapid, dynamic process operating at timescales of <100,000 years, irrespective of tectonic setting.

T
he Earth’s granite crust harbours continental landmasses 

that have remained stable and above mean sea level for 
more than a billion years1. The withdrawal of large 
volumes of granitic magma from the deep continental 
crust and its emplacement at higher structural levels 
produces a dehydrated and refractory lower crust, and an upper 
crust enriched in felsic (iron- and silica-rich) minerals and heat- 

producing (radioactive) elements. This flux of siliceous melts from 
deeper levels has also concentrated many chemical elements impor
tant for life (including potassium, sodium, phosphorus, lithium 
and chlorine) close to the surface.

Continental granite magmatism involves four separate but 
potentially quantifiable stages—generation, segregation, ascent 
and emplacement2,3—that operate over length scales ranging from 
KT5 to 106m. The nature of granite magmatism and associated 
continental growth has been investigated mostly through geochemi
cal and isotope studies. But since the early 1990s, research into the 
origin of granite has shifted away from geochemistry towards 
understanding the underlying physical processes involved. As a 
result, dynamic models that operate on timescales of months to 
centuries are replacing the once-prevailing view of granitic magma 
production as a slow, equilibrium process that requires millions of 
years for completion.

Here we review the important physical processes that control how 
granitic melts are extracted from their source regions, transported 
through the Earth’s crust and intruded (often with cumulative 
volumes in excess of 4.5 x 105 km3) into pre-existing rock. Most 
granite plutons found in the upper continental crust seem to be 
emplaced as low-viscosity, crystal-poor (S30%) magmas in tabular 
intrusions fed from depth by small magma batches that ascend 
rapidly, either in relatively thin conduits or channelled along shear 
zones. Space for the incoming magma is made by a combination of 
lateral and vertical displacements at moderate strain rates (typically 
> 1CT14 s-1) on timescales of less than 100,000 years.

Partial melting of continental crust
Given the average thickness of the continental crust of about 35 km, 
typical geothermal gradients of 20°Ckm_1 do not generate tem
peratures high enough to melt common crustal rocks (generally 
more than 800 °C)4. Although minor volumes (<25%) of partial 
melt can be produced by fluid-present melting at high water 
fugacity (ah2o) during thermal relaxation of thickened orogens5, 
local melting is far more efficient where heat is adverted into the 
crust from the underlying (hotter) mantle by basaltic magmas6,7.

Partial melting of crustal rocks pre-heated in this way is likely to be 
rapid, with models predicting a melt layer two-thirds the thickness 
of the basaltic intrusion forming in 200 years4,6, at a temperature of 
up to 950 °C. Recent experiments on natural rock systems at 
temperatures comparable with those attained during basaltic 
underplating have shown the importance of reactions involving 
the breakdown of micas and amphiboles to produce melts of 
granitic composition under fluid-absent conditions (see refs 4 and 
8 for a review). These reactions are characterized by steep, positive 
pressure-temperature slopes with most hydrous phases breaking 
down over a narrow temperature interval (about 50-80 °C), giving 
rise to melt fractions in the range 0.2-0.4 (Fig. 1). Compositional 
differences are reflected in higher melting temperatures9, with 
metapelites yielding 20% melt at around 800 °C, whereas amphi
bolites require temperatures close to 950 °C to generate similar 
amounts of melt. An important consequence of fluid-absent melt
ing is the moderate to large positive volume change that accom
panies some reactions10. For the case of crust heated from below, 
reaction-induced volume changes will lead to local fracturing and 
an accompanying reduction in rock strength caused by increased 
pore fluid (melt) pressures8,11. Deviatoric stress gradients can also 
develop in the vicinity of the intruding mafic heat source and 
promote local fracturing. These processes, in conjunction with 
regional tectonic strain, are important in providing enhanced 
fracture permeabifities of about 10-IO-10-5 m2 in the region of 
partial melting12, which aid subsequent melt segregation.

Melt transport
Melt and magma (melt plus suspended solids) must be transported 
both within and out of the source region before final emplacement. 
The transport process operates on two length scales: segregation, 
marked by small-scale movement of melt (centimetres to deci
metres), mostly within the source region, and long-range (kilo
metre-scale) ascent through the continental crust to the site of final 
emplacement.
Segregation. The ability of granitic melt to segregate mechanically 
from its matrix is strongly dependent on its physical properties, of 
which viscosity and density are the most important. The viscosity 
of silicate melt is a function of composition, temperature and 
water content13. For much of this century, granitic melt was 
commonly thought to have a viscosity close to that of solid rock14. 
However, recent experimental studies have found that granitic 
melts generated over a wide range of crustal pressure-temperature 
conditions have viscosities generally in the range 108-103 Pa s (refs
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13-15). Figure 2 shows estimates of average melt viscosities calcu
lated using models reviewed in ref. 15 for a typical tonalite (Si02,65 
wt%) and leucogranite (Si02, 75 wt%) as a function of the water 
content of the melt. The median viscosity (ij) of both liquids at 
their respective ‘ideal’ water contents of 4 and 6 wt% respectively is 
lO3-* and 10v9 Pa s, a difference of less than about 1.1 log10 units. An 
important implication of this material similarity is that those 
aspects of the segregation and ascent process moderated by the 
physical properties of the liquid should occur at broadly similar 
rates, regardless of tectonic setting and the pressure-temperature- 
time path of the protolith15.

Unlike the case in the mantle, where gravity-driven compaction 
can segregate basaltic melt over geologically reasonable 
timescales16,17, the higher viscosities of crustal melts limit compac
tion to length scales comparable with the mean grain size of the 
surrounding matrix17,1*. Accordingly, most field evidence points to 
deformation as the dominant mechanism that segregates and 
focuses melt flow in the lower crust*19, and possibly the upper 
mantle as well (for example, ref. 19). Rock deformation experiments 
on partially melted granite indicate that at melt fractions (poros
ities) of 10-40%, pore pressures converge on the mean stress or 
confining pressure, resulting in macroscopic deformation due to 
melt-enhanced embrittlement by cataclastic flow*-20,21. These experi
ments have challenged the long-standing notion of a fundamental 
rheological threshold (critical melt fraction) below which melt 
cannot be extracted (for example, ref. 22), and imply that deforma
tion-enhanced segregation can in principle occur at any stage 
during partial melting4,20.

Mechanically derived melt segregation models have several 
important implications for geochemical models of granitic mag- 
matism. First, as deformation-assisted melt segregation is efficient 
in moving melt in the range 103 < tj < 106 from source to local sites 
of dilation on timescales of approximately 10_1-104 years20,23, melts 
may not attain chemical or isotopic equilibrium with their sur
rounding protolith before final extraction and ascent23,24. Second, 
the proven efficiency of melt segregation in a deformation field 
makes it unlikely that large, granitic magma chambers will form in 
the region of partial melting12,14.
Ascent. Gravity is still the most viable driving force for large-scale 
vertical transport of melt in the continental crust. However, the

—•— Bt-gneiss -------- Amphibolite

-*«-• Tonalitic gneiss Metapelite
10— Bt-Mus gneiss --w- Pig-poor 

metapelite

700 800 900 1,000 1,100 1,200

Figure 1 Change in melt fraction (vol.%) as a function of temperature for a range of 
common crustal rock types undergoing fluid-absent melting (from ref. 9). Note the 
nonlinear increase in melt fraction with increasing temperature for all rock types. The 
amphboWe melting curve is a parametrizafon of seven experimental studies listed in 
refs 8.18 and 25. The boxed area shows the range of melt fractions (F= 0.2 to 0.4) 
required to produce most granite compositions. Bt-mus, biotite-muscovite; pig poor, 
plagodase-poor; metapeBte, metamorphosed pelite

traditional idea of buoyant granitic magma ascending through the 
continental crust as slow-rising, hot Stokes diapirs or by stoping has 
been largely replaced by models involving the ascent of granitic 
magmas in narrow conduits, either as self-propagating dykes10'25, 
along pre-existing faults26 or as an interconnected network of active 
shear zones and dilational structures27,24. Although the case is still 
being made for diapiric ascent in the ductile lower crust29, the 
advantage of dyke/conduit ascent models is that they overcome the 
severe thermal and mechanical problems associated with transport
ing very large volumes of magma through the upper brittle 
continental crust30, as well as explaining the persistence of near
surface plutonism and associated silicic volcanism. However, it 
remains an open question as to whether plutons are fed by 
predominantly a few large conduits analogous to basaltic dykes 
found in ancient shield areas on Earth, dyke swarms similar to 
those associated with sea-floor spreading, or the pervasive flow of 
channelled magma31,32.

One of the most striking aspects of the ascent of granitic melt in 
dykes compared to diapiric rise is the extreme difference in magma 
ascent rate between both processes, with the former up to a factor of 
106 faster depending upon the viscosity of the material and conduit 
width25,26. The narrow dyke widths (~l-50 m) and rapid ascent 
velocities predicted by fluid dynamical models have found support 
in field and experimental studies33,34, while rheological models based 
on granular flow theory are helping to refine further the ascent rates 
of magmatic suspensions35. In contrast to diapiric ascent, chemical 
and thermal interaction between dyke magmas and surrounding 
country rock will be minimal, and there may be little evidence in the 
way of geological, geophysical or geochemical evidence to mark the 
passage of large volumes of granite magma through the crust10,25. 
Dyke ascent models also bring plutonic granite magmatism more in 
line with timescales characteristic of silicic volcanism and flood 
basalt magmatism. The latter provide an interesting corollary, where 
rapid emplacement at the surface is controlled by flow along deeply 
penetrating dykes that underlie plateau basalt provinces. These 
dykes are rarely exposed, but undoubtedly exist.

Emplacement
The emplacement of granitic magma within the continental crust 
marks the final stage in the granite forming process. Emplacement is 
defined here as the switch from upward to horizontal flow, and is

Leucogranite (Si02. 75 wt%), 750°C 

Tonalite (Si02, 65 wt%), 950°C -

Figure 2 Melt viscosity as a function of melt water (wt%) content for typical tonalite 
and leucogranite liquid compositions (data from ref. 15 and references therein) at a 
fixed pressure of 800 MPa. Blue and red horizontal lines show the range of water 
contents typical for natural melts. The estimated log10 values of the median viscosities 
(in Pa s) of the liquids at their 'ideal' water contents of 4wt% (tonalite) and 6wt% 
(leucogranite) are 3.8 and 4.9 respectively.
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pre-existing or emplacement-generated wall rock structures), and 
density effects between the spreading flow and its surroundings36,37. 
The way in which rocks make way for this newly incoming magma 
(the so-called space problem)14 has challenged geologists for most of 
the twentieth century. The problem becomes particularly acute 
where batholithic volumes (S 1 x 105 km3) of magma are con
sidered to have been emplaced in a single episode, often exemplified 
in models of diapiric rise, where the processes of ascent and 
emplacement are blurred25. New ideas that have helped improve 
this are the recognition of the important role played by tectonic 
activity in making space in the crust for incoming magmas (see ref. 
37), more realistic interpretations of the geometry of granitic 
intrusions at depth (for example Box 1), and the recognition that

emplacement is an episodic processes involving discrete pulses of 
magma. Structural, analogue and numerical models38’41 indicate 
that space for incoming magma at strain rates of between 1CT15 
(average lithospheric strain rate) and KT10 s-1 (several orders of 
magnitude greater than the average lithospheric strain rate) can be 
achieved through a combination of lateral fault opening, roof lifting 
and lowering of the growing magma chamber floor. In the latter two 
mechanisms, space is created ultimately by surface uplift and 
erosion or by volume reduction caused by melt extraction in the 
source40, possibly aided by isostatic depression of the Moho42. Such 
models resolve the insufficient strain record in the vicinity of certain 
plutons and the slow tectonic widening rates on bounding faults 
that have led some to question the ability of the crust to make space 
for incoming magma by fault dilation43.

Box 1

W Magnetic foliation trajectories 
(observed, projected) 0102-104 Myr ago Dinkey Creek 

Pluton

o Metasedimentary rocks (T~~) 102-90 Myr ago intrusions

Intrusions before 102 Myr ago Intrusions less than 90 Myr ago

Geological map and cross section of the 800 km2,102-104-Myr-old 
Dinkey Creek pluton, Sierra Nevada batholith, California. The pre
erosion thickness of the lobe structure in the southwest of the pluton is 
estimated to be between 900 and 3,700 m, based on fluid mechanical 
analysis of the magnetic fabric pattern, which also indicates a feeder 
zone trending to the north-northwest (red line on map)50,51. Evidence 
for a relatively flat roof above the pluton is provided by remnants of 
metasedimentary rocks preserved at high elevations. Structure 
contours on the contacts of these roof pendants indicate that the 
current roof dips about 10° SW. This is similar to the Cenozoic tilt of the 
adjacent Mount Givens pluton (MGR) determined by palaeomagnetic 
studies, suggesting that the Dinkey Creek pluton (DCF) roof was 
originally horizontal and located, on average, about 400 m above the 
present erosion surface. Geobarometry indicates that the pluton was 
emplaced at a palaeodepth of about 15 km (ref. 50). Repeated linear 
contact orientations, displacements of roof structure contours, and 
geometry of roof pendant contacts, suggest that the majority of the 
DCF’s vertical contacts, and irregularities in its roof, were controlled by 
pre-existing NW-, NE-, N- and E-trending faults and fractures, which 
acted as guides for vertical displacement of the pluton floor (see inset). 
Similarly oriented structures controlled the shape of the 40 km2 Bald 
Mountain pluton (BMP) and the 1,500 km2 MGP.

Three-dimensional shapes of granitic intrusions 
Important information on the emplacement mechanism of granitic 
magmas is preserved in the three-dimensional (3D) shape of the 
crystallized pluton. Detailed geophysical (gravity and seismic) data 
now allow the subsurface 3D geometries of granitic plutons to be 
imaged with a high degree of confidence. The majority of plutons so 
far investigated appear as flat-lying to open funnel-shaped struc
tures with central or marginal feeder zones, consistent with an 
increasing number of field studies that find plutons to be internally 
sheeted on the decimetre to kilometre scale44. Gravity models based 
on detailed measurements made at the same spatial resolution as 
geological observations are now common. Depth determination, 
after gravity data inversion, structural measurements from field 
observations and determination of petrofabrics using the aniso
tropy of magnetic susceptibility (AMS) technique45, can be 
combined with geochemical information on magma evolution to 
build up a comprehensive 3D picture of pluton geometry46. Such 
multidisciplinary investigations again show that the common form 
is sheet-like as do the few detailed seismic surveys so far undertaken 
over or through granitic batholiths47.

Mechanism of pluton growth
Empirical studies of pluton dimensions, based on field and geo
physical measurements, suggest that the growth of a laterally

Av«rag« crustal thicknsss (35 km)

♦ Laccoliths (• ■ 0.88) 
■ Plutons (a * 0.60)

log [Maan length (km)]

Figure 3 Mean (vertical) thickness versus mean (horizontal) length for granitic plutons 
and laccoliths. Reduced major-axis regression defines a power-law curve for plutons 
with an exponent a of 0.6 ± 0.1. Laccoliths (shallow-level intrusions) are described by 
a power-law exponent of 0.88 ± 0.1 (ref. 48). The line a = 1 defines the critical divide 
between predominantly vertical inflation (a > 1) and predominantly horizontal 
elongation (a < 1) during intrusion growth. Significantly different power-law 
exponents rule out a simple genetic relationship between both populations. 
Differences may be due to mechanical effects, with limits in thickness reflecting floor 
depression (plutons) and roof lifting (laccoliths).
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spreading and vertically thickening intrusive flow evolves according 
to a power-law (self-affine) relationship of the form L = kT*, typical 
of systems exhibiting scale-invariant (fractal) behaviour4®. The 
inherent preference for scale-invariant tabular sheet geometries in 
granitic plutons from a variety of tectonic settings is shown in Fig. 3. 
This relationship is best explained in mechanical terms by the need 
for magma at the emplacement level to travel horizontally some 
distance before vertical thickening can occur, either by hydraulic 
lifting of its overburden (in the case of shallow-level intrusions, 
known as laccoliths) or sagging of its floor. Plutons thus undergo a 
birth stage, characterized by lateral spreading, followed by an 
inflation stage marked by vertical thickening. Although from 
Fig. 3, plutons and laccoliths do not form a simple continuum as 
previously thought4®, the tabular sheet model suggests that larger 
plutons grow from smaller ones according to a power-law inflation 
growth curve, ultimately to form crustal-scale batholithic 
intrusions40-4*. Evidence of this growth process is recorded in the 
1,200-km-long Coastal batholith of Peru, one of the best-studied 
arc batholiths on Earth. Here, combined field, petrological,

Log [T (km)]
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

DCP lobe

DCP field estimate

Figure 4 Estimated filling times for tabular disk-shaped plutons. Their thickness (T) 

to width (L) ratio is given by equation (1) for a range of permissible filling rates 
(0, m3 s'1). Heavy horizontal lines are the thickness ranges of plutons in Box 1, 
estimated using equation (1). Vertical lines are the ranges of their possible filling 
times, bracketed by the filling rates. The coloured prism indicates the range of 
thicknesses estimated independently for the southwest lobe of the DCP using 
structural data (Box 1).

geochemical and geophysical (gravity) studies show that on a crustal 
scale the exposed batholith forms a thin (3-7-km-thick) low- 
density layer that coalesced from numerous smaller plutons with 
aspect ratios of between 17-20:1 (ref. 49). Detailed studies of the 
Sierra Nevada batholith of California reveal a similar picture, in 
which batholith construction occurred by intrusion of 2 to 2,000 
km2 granitic plutons between 120 and 80 Myr ago50.

The Dinkey Creek pluton is typical of the intrusions that make up 
the central Sierra Nevada batholith (Box 1) and many other 
continental magmatic arcs. Field mapping of contacts, roof pen
dants and internal fabrics, combined with AMS studies, indicate 
that the pluton was emplaced as a 900-3,700-m-thick tabular 
intrusion with vertical walls and a gently dipping roof51. Magma 
was fed into the pluton by a conduit trending north-northwest, with 
space created by vertical inflation and depression of the floor caused 
by translation on pre-existing fractures in the wall rocks.

Timescales of pluton growth
The emerging picture of plutons, with tabular 3D geometry and 
growth by vertical displacements of their roofs and floors, allows us 
to place limits on the rates and times of their emplacement (Fig. 4). 
If we assume that a disk-shaped pluton grows according to the 
empirical power-law relation shown in Fig. 3

T — 0.6( ± 0.15)L06±01 (1)

then its filling time can be estimated when the volumetric filling 
rate, Q, is known. Taking conservative values of magma viscosities 
(Fig. 2), wall-rock/magma density differences and feeder dyke 
morphologies gives a range of Q from 0.01 to 100 m3 s'1, and 
places lower and upper bounds on pluton filling times of less than 
40 days to more than 1 Myr for plutons less than 1 km to more than 
100 km across (Fig. 4). The thicknesses of the plutons highlighted in 
Box 1 have been estimated using the above power-law relationship, 
given the horizontal area and equivalent L value for each pluton. 
Taking the median Q value of lm3s-1 gives ranges of net emplace
ment times of about 103, 104 and lO3 yr for the Bald Mountain, 
Dinkey Creek and Mount Givens plutons, respectively (Fig. 4). At 
the fastest magma delivery rates, all three plutons could have been 
emplaced in less than 1,000 yr. Similar timescales have been pro
posed for Himalayan granites52. We also note that the pluton 
thicknesses may have been over estimated by equation (1), as 
indicated by comparison to independent calculations of the thick
ness of the Dinkey Creek pluton lobe51, resulting in faster emplace
ment times for all three cases (Fig. 4).

Towards a unified model for granite magmatism
The formation of granite intrusions in the middle to upper crust is

Tabl* 1 The lour processes responsible for granitic magmatism In the continental crust, and estimated timescales

Process Tectonic setting Mechanism Timescale (years) References

Partial melting
Rud present (high aMjo) Transpresstonal/ 

transtenstonal orogens
Crustal thickening and decompression/ 
asthenospheric upwelling

>105 4, 5, 52

Fluid absent Magmatic arcs 
(extensional/compressionaf)

Magmatic under/intraplating itf-IO5 4, 6, 7. 12

Segregation
ExtensionaVcompressional Gravity-driven compaction icA-io9 16-18

Deformation-enhanced flow/fracturing IC^-IO3 16-18,20, 21

Aacent
Dyfca'condurt flow Mainly extensionai Buoyancy or deformation-assisted flow ICT'-IO2 10, 25, 26,34
Pervasive flow T ranspressonal Viscous flow in hot permeable crust =10® 27, 28,31,32

Diaptnc nse Extensional/compressional Buoyancy ICf-IO9 29, 30, 43

Emplacement
Extensional/compressional Entrainment along structural/ 

rheological traps, buoyancy
K^-IO4 33,36-40, 51,52
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governed by four discrete processes, summarized in Table 1. We 
have a number of reasons for confidence that these processes, 
running in series, provide an internally consistent qualitative 
model for granite magmatism in the Earth. First, field observations 
made in a variety of tectonic settings on rocks of different ages show 
that structural features relating to magma segregation, emplace
ment and pluton shape are repeated in space and time. We also find 
it encouraging that the high magma flow rates predicted in dyke 
ascent models can be reconciled with mechanical models for 
emplacement of tabular plutons at geologically realistic strain 
rates. Finally, tabular to funnel-shaped pluton geometries with 
inclined feeder zones predicted by fluid dynamical and structural 
models are consistent with recent high-resolution gravity and 
seismic investigations46. The rate-limiting step in granite magma
tism is the timescale of partial melting3’52; the follow-on stages of 
segregation, ascent and emplacement can be geologically extremely 
rapid—perhaps even catastrophic.

Future experimental and numerical modelhng of the underlying 
physics of each stage, and their associated feedback relations, will 
help to constrain further the rates at which these processes operate, 
and lead ultimately to models that capture the full complexity of 
granitic magma systems on the crustal scale. Problems yet to be 
tackled are numerous, and include matching predicted melting 
rates based on thermal models with kinetic studies of mineral 
reactions, and identification of a satisfactory focusing mechanism 
that enables partial melt distributed over a wide source region to be 
drained by a small number of conduits. □
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Granular flow and viscous fluctuations in low BagnoM number granitic magmas
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Abstract: Recent thermal and fluid dynamical models have shown that density-driven ascent of isoviscous 
granitic melt through the crust in narrow dykes is geologically instantaneous, provided the role of 
suspended crystals is ignored. However, it is well known that solids in suspension can affect significantly 
the rheology and hence flow properties of magmas, leading to the subjective criticism that granite ascent 
and emplacement rates based on simple dyke transport models may be unrealistic. By estimating the 
magnitude of shear stresses developed during continuous flow in a 6 m wide granitic dyke, we show yield 
strengths in excess of IQ4 pascals are required to stop flow entirely if tire pressure gradient driving the flow 
is high. Using granular flow theory, we show how fluctuations in particle velocity in tire shear' field can be 
used to predict the rheological behaviour of magmas with crystal contents (solidosity) in the range 
0.1<4><0.25.

Specimen calculations for the solidosity and fluctuation on particle velocity for ascending granitic 
magmas show that the energy associated with these irregular movements is much greater than that 
expected on purely Brownian grounds. We find no clear correlation between viscosity p and the yield 
strength, and while it is possible that magma has curious, unexpected bonding properties, magmatic 
suspensions where the grain size is on the scale of centimetres (e.g. some coarsely porphyritic magmas), 
low estimated Bagnold numbers {c, 10 ~8) render Bingham flow models inappropriate. Self-organization 
of the flow into a crystal-poor margin and crystal-rich core (flow differentiation) by diffusion of particles 
towards the region of minimal shear results in tire familiar plug-type flow profiles traditionally associated 
with an inherent yield strength. Shear-enhanced diffusion is an inevitable consequence of granular flow 
that leads to flow differentiation, providing a simple mechanistic explanation for high concentrations of 
pheoncrysts in the cores of porphyritic dykes (Bagnold effect). Deviation from simple Newtonian flow is 
unlikely to be significant until tire magma has stopped ascending and emplacement begins.

Keywords: granites, magmas, dykes, viscosity, fluctuations.

Despite over 100 years of systematic field study and petrologi
cal investigation, the way in which granitic magmas ascend 
and are emplaced within the continental crust is still a topic of 
intense debate. Current opinion is divided between traditional 
mechanisms such as diapirism and stoping (e.g. Weinberg & 
Podladchikov 1994; Paterson et al, 1996) and those involving 
rapid ascent of granitic melts in narrow dykes (Clemens & 
Mawer 1992; Petford 1996; Clemens etal. 1997). Thermal and 
fluid dynamical models for dyke ascent differ from classical 
diapiric rise in two important ways. Firstly, estimated ascent 
times of granitic magma through the continental crust in dykes 
is of the order of IQ5 times faster than for diapiric ascent. 
Secondly, pluton filling (emplacement) timescales based on 
continuous dyke flow are generally less than 104 years for large 
(>103km3) granitoid intrusions (Clemens & Mawer 1992; 
Cruden this voloume). Current models for dyke ascent are 
based on the simplifying assumption of a constant, crystal-free 
viscosity over the entire transport distance (generally taken to 
be 20-301cm). Although dyke ascent models for viscous melts 
are robust under these conditions, it is reasonable to assume 
that the presence of crystals will have a significant effect in 
hindering magma ascent rate. Thus, more realistic models of 
magma ascent should include these effects, addressing in 
particular tire well-documented interplay between the crystal 
density gradient and the rheology of the effective fluid.

The aim of this study is to describe and apply existing 
models of granular flow theory to model granitic magmatic

suspensions with crystal contents (<p) in the range 0.1 <cp<0.25. 
We begin by reviewing tire flow properties of ascending 
granitic melts under crystal-free conditions and estimate typi
cal shear stresses that result from isoviscous flow. We then 
address the more complex problem of non-Newtonian 
(Bingham) flow where the magma has a specified yield 
strength. Based on realistic Bingham parameters from the 
engineering literature, tire Bingham model is rejected. Next we 
apply an alternative model based on recent theoretical devel
opments in the field of sheared suspension flows where crystal 
diffusion is associated with a ‘granular temperature’ gradient 
induced by the nonhomogeneous shear in the dyke. The 
temperature field represents velocity fluctuations of the sus
pended crystals. Because magma ascent in dykes is character
ized by ultra-low Bagnold numbers, viscous fluctuation theory 
is appropriate. While the theory of granular' flow as applied to 
magmas is in its infancy, we are able to show that the relevant 
effects are readily obtained.

Dyke ascent
Significant progress has been made in recent years in under
standing the mechanical and thermal aspects of dyke ascent 
and magma transport in the lithosphere (e.g. Spence & 
Turcotte 1985; Ryan 1994 and references therein). While the 
majority of these studies have been focused on the ascent of
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DYKE AXIS

NEWTONIAN

BINGHAM

PLUG

Fig. I. Summary diagram showing the main geometrical features of 
conduit (dyke) flow referred to in the text, along with the flow 
profiles for a Newtonian and Bingham fluid.

crystal-free basaltic magmas, the underlying physics of magma 
ascent is essentially the same regardless of melt composition. 
The rate of flow (<$ of magma in a self-propagating tabular 
dyke or open fissure (viscous channel flow) is given by:

w/2
q= J u(y)dy (1)

-w/2

where w is the thickness of the conduit and u is the fluid 
velocity which only depends on the cross-streamwise coordi
nate y. Newtonian fluid flow with constant viscosity and 
no-slip boundary condition at low Reynolds number results in 
the familiar parabolic flow profile shown schematically in 
Fig. 1. The flow profile of a Bingham material, shown for 
comparison, is discussed below.

The velocity distribution in a granitic melt with a viscosity of 
105 Pa s, appropriate for a dacitic liquid in a 6 m wide dyke, 
driven by a mean density contrast between country rock and 
magma (pc- pj of 0.3 g cm-3 is shown in Fig. 2. The dyke 
width of 6 m corresponds to the critical minimum width where 
a typical granitic melt (70 wt% Si02) can flow freely without 
freezing (Petford et al. 1993, 1994). The profile represents an 
ideal case for crystal-free melt flow and has a maximum 
velocity of 0.13 m s“1 and a mean velocity of c. 0.09 m s“ 
corresponding to a typical Reynolds number of the order of 
0.1, ensuring laminar flow.

Shear stress during flow
An important aspect of flow in Newtonan fluids is the devel
opment of a shear stress (t) that decreases from a maximum at 
the wall of the dyke to 0 at the dyke centre. Flow-induced 
shear stresses are important in that they act to align crystals or 
other suspended material in the direction of flow, resulting in 
the phenocryst flow fabrics preserved in solidified dykes and 
sills (e.g. Komar 1972: Phillpotts 1990). The magnitude of the 
shear stress during flow is a function of the pressure gradient

0.04 -

0.02

distance (m)
Fig. 2. Calculated flow profile of a crystal-free, Newtonian granitic 
magma in a 6 m wide dyke. Magma viscosity is 105 Pa s, Ap=0.3 g 
cm-3. Maximum flow velocity in this example is 0.13 m s-1, with 
an average flow velocity (dashed line) equal to 2Vmax/3.

1.6-10'

1.4-10‘ Ap = 0.5 g/cm:

Ap = 0.3 g/cnr

Ap =0.1 g/cnr

distance (m)
Fig. 3. Variation in shear stress (Pa s) across a granitic dyke of half 
width 3 m as a function of pressure (density) gradient (Ap) driving 
flow upwards. Shear stress is always highest at the dyke margin, 
decreasing to 0 at the dyke core. Maximum shear stress 
(1.47 x 104 Pa) occurs in the magma with the largest density gradient.

(magma viscosity is not important) and can be estimated from:

x=-^pc-pJy (2)

where g is the acceleration due to gravity. This relationship 
is shown graphically in Fig. 3 for a range of density 
contrasts (pressure gradients) of 0.1, 0.3 and 0.5 g cm-3 for a 
granitic dyke of half width 3 m. The maximum shear 
stress developed at the dyke margin is 14.7 kPa (0.15 bar) 
forAp=0.5gcm-3, decreasing linearly to 0 at the dyke axis. 
Reducing the driving pressure to 0.1 g cm-3, decreases 
the shear stress at the dyke margin to 3 kPa (0.03 bars). The 
significance of these values and their potential to affect 
magma flow rates is addressed in the following section,
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Table 1. Summary of reported yield strengths for magmas of varying composition as a function of soiidosity (+)

Material 4 Yield strengh (Pa) Reference

Hawaiian tholeiite 3 x 10S-1.3 x 104 Shaw (1969)
Diorite 0.5 102 Johnson & Pollard (1973)

Gauthier (1973)
Basalt-andesite lOMO5 Hulme (1974)
Tholeiite 0.23-0.35 70-120 Sparks et al. (1977)
Hawaiite 0.45-0.50 250 400 Sparks et al. (1997)
Basalt 0.21 300 Spera (1980)
Basalt 0.44 2 x 103 Spera (1980)
Picrite 0.115 13.90 Ryerson et al. (1988)
Picrite 0.69 2.2 x 103 Ryerson et al. (1988)
Dacite 0.69 370 Pinkerton & Stevenson (1992)
MgjA^SijO^ melt 0.40 6 x 10*-3.2 x to6 Lejeune & Richet (1995)

Lava domes
0.42 12 x 10*-3.2 x 10* Lejeune & Richet (1995)

<0.5 5 x 104-3 x 105 Fink & Griffiths (1998)

where the ascending melt is modelled as a Bingham fluid with 
a yield strength.

Magma strength
Before a proper assessment can be made of the role of crystal 
loads in controlling the flow rates of ascending granitic mag
mas. it is first necessary to consider how, and to what extent, 
suspended solids affect magma rheology and thus the flow 
profile. A suspension in a state of shear acquires an anisotropic 
microstructure which influences the mechanical response of the 
mixture, with the viscosity acquiring an anisotropic tensor 
form (Koenders 1996). Much of the debate about the timing 
and magnitude of rheological changes in magmas is due to the 
inherent complexity of such systems. Their mechanical prop
erties are non-trivial, and no simple expression can be used to 
describe the rheology of suspensions, magmatic or otherwise, 
with constantly varying concentrations (Jeffrey & Acrivos 
1976; Leighton & Acrivos 1987). Both Clemens & Mawer 
(1992) and Petford et al. (1993, 1994) assumed in their analysis 
that granitic magmas rose upwards in dykes as Newtonian 
fluids (i.e. show a linear relationship between shear stress and 
rate of shear strain) and were crystal-free. However, the 
presence of suspended crystals is known to alter the rheological 
properties of magma by imparting a yield strength. Much 
work has been done in recent years in determining the yield 
strength of magmas using both theoretical and experimental 
methods (e.g. Shaw et al. 1968: Hulme 1974; Spera 1980; 
Ryerson et al. 1988; Dingwell et al. 1993: Lejeune & Richet 
1995). Some typical values are listed in Table 1. While pheno- 
cryst observations from dykes and volcanic rocks provide an 
upper limit on crystal loads (c. 50-60%) above which transport 
(and mixing of magmas) is prohibited by large effective viscosi
ties (Marsh 1981; Sparks & Marshall 1986), there is still debate 
as to the extent and magnitude of yield strengths in magmatic 
suspensions at crystal contents <50%. For example, Kerr & 
Lister (1991) claim that magmas will only have a yield strength 
if a skeleton framework of interlocking crystals has been 
established across the entire suspension, pointing out that the 
effective viscosity of the suspension will depend critically on 
crystal orientation and shape. They further argue that inferred 
yield strengths in magmas with relatively low crystal contents 
(e.g. Shaw et al. 1968; Pinkerton & Sparks 1978; McBimey & 
Murase 1984) are simply an artefact of extrapolating to zero 
shear rates experimental data. Thus, while increased crystal

content results in higher effective magma viscosities, (and 
hence slower average ascent rates), it does not follow automati
cally that the magma will have any strength at crystal contents
< c. 50%.

This is disputed by Pinkerton & Stevenson (1992), who 
argue that magmas with crystal contents >30% will have a 
yield strength (see also Lejeume & Richet 1995). Despite 
current uncertainties in the timing of particle-induced rheo
logical transitions in magmas, it is clearly desirable to take into 
account the effect of suspended solids to arrive at more 
accurate understanding of magma flow.

Bingham flow
One consequence of suspended solids in flows is that a 
departure from simple Newtonian behaviour is found. The 
presence of a yield strength (t0) imparts in moving fluids the 
curious, but well documented, property of plug flow. Plug flow 
occurs where the shear stress acting on some part of the 
material is equal to or less than its yield strength, resulting in a 
uniform flow velocity (Fig. 1). Plug flow in porphyritic dyke 
magmas (e.g. Komar 1972; Johnson & Pollard 1973; Phillpotts 
1990) points clearly to a dominant mechanism for particle 
migration towards a region of minimal shear. Attempts to 
arrive at plug flow have been introduced by various authors 
(e.g. Bird et al. 1960, section 1.2) via the introduction of a 
deviatoric stress dependent rheology, of which Bingham plas
ticity is the best-known example. However, these theoretical 
constructs only bring a physical mechanism to the problem if 
there is clear evidence for interparticle attraction. In some 
sense the burden of explanation is shifted from solving a fluid 
flow problem to a phemonological one.

The instantaneous velocity profile u in a moving Bingham 
fluid a dyke of semi width w can be approximated from:

u=-^-[y2-($w)2] $w>y>7;;-$w<y<—^ (3)
2|i G G

(4)

where r0 is the Bingham yield stress, p the fluid viscosity and G 
the driving pressure gradient corrected for buoyancy, with the 
origin of / at the centre of the channel so that - \w<y<±w. 
While the magnitude of the shear stress is less than the yield
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0.02 -

distance (m)
Fig. 4. Flow profiles for a crystal-free and Bingham’ magma with a 
yield strength of 370 Pa estimated for Mount St Helens dacite 
(Pinkerton & Stevenson 1992). Shear stress in the dyke magma far 
exceeds the yield strength, and plug flow is confined to a small 
region in the dyke core. Ap=0.3 gem-3.

stress the velocity gradient in the flow is zero. Although the 
width of the plug will increase with increasing yield strength, 
flow will still be parabolic in regions of high shear stress
(Fig. 2).

Figure 4 shows the velocity profile across a granitic dyke 
(melt viscosity 10s Pa s) with a prescribed yield strength of 
370 Pa as estimated by Pinkerton & Stevenson (1992) for a 
crystal-rich Mount St Helens dacite using original data of 
Murase et al. (1985). This value was chosen as it relates to a 
rock of broadly granitic composition. The onset of plug flow 
occurs c. 2.8 m in from the dyke wall, with the plug moving 
forwards at a velocity of c. 0.12 m s~ V or >90% the velocity of 
a zero yield strength magma of identical viscosity (shown for 
comparison). Average flow velocities also differ by less than 
10%.

Given that much has been made of potential yield strengths 
and Bingham behaviour in general in retarding the flow of 
granitic magmas (e.g. Pitcher 1993. p. 43). these results are 
somewhat surprising. For the example shown in Fig. 4, the 
magma would require a yield strength of c. 9 kPa to retard all 
upwards flow completely. Furthermore, if the strength of the 
Mount St Helens dacite is anywhere typical of granitic-dacitic 
melts, then silicic magmas ascending in relatively narrow dykes 
driven by typical magma-country rock density contrasts (0.1- 
0.5 g cm-5) will continue to flow at yield strengths up to a 
maximum of 104 Pa (e.g. 40 times greater than the Mount St 
Helens dacite example). This is emphasized in Fig. 5. which 
shows the velocity profiles of four magmas with prescribed 
yield strengths of 0 (Newtonian), 3 kPa. 6 kPa and 9 kPa. The 
effect of increasing yield strength is to retard the flow velocity, 
with the onset of plug flow starting progressively closer to
wards the dyke margin. In this example, flow is possible for 
yield strengths up to c. 9 * 103Pa. well in excess of most 
reported magmatic values (cf. Table 1). For yield strengths up 
to c. 3 kPa. it seems reasonable to assume magma ascent rates 
in granitic dykes close to their minimum critical widths are 
unlikely to be reduced by more than an order of magnitude. As 
pointed out by Spera et al. (1982) and Huppert et al. (1982),

0.05 -

-0.1 -

distance (m)
Fig. 5. Graph showing the onset of plug flow as a function of flow 
velocity and distance from dyke margin for four granitic magmas 
with different yield strengths. Plug flow is defined by a horizontal 
flow velocity profile (cf. Fig. 1), the onset of which migrates towards 
the dyke wall with increasing yield strength. The negative flow 
velocity at 9 x 103 Pa (9 kPa) is for the limiting case where yield 
strength exceeds the shear stress, prohibiting flow. Ap is constant at 
0.3g cm-3.

yield strength will become an increasingly important magma 
property during cooling and crystallization. For granitic mag
mas ascending in dykes, yield strength is likely to become 
significant only during magma emplacement.

Problems with the Bingham model applied to magmas
Bingham models have been used extensively in (chemical) 
engineering where the model parameters are well-known for a 
wide variety of substances including sewage sludge, clay sol
utions and other fine particle/fluids mixtures. Extensive test 
results are reported in a review paper (Bird et al. 1983) with 
yield strengths generally in the order of tens of N m _ 2, rather 
than the kilopascals required to fit the data for some magmatic 
flows (see Table 1). In addition, it has been found that there is 
a particle size effect and the yield strength collapses for grains 
larger than the sub-millimetre range (Bird et al. 1960). By and 
large there is no correlation between the viscosity parameter p 
and the yield strength. While it is possible that magma has 
curious, unexpected bonding properties, we conclude that 
for the millimetre to centimetre grainsize (e.g. most porphyritic 
magmas), the Bingham model may be inappropriate.

Magmas as granular materials

Slurry flow
We shall now contribute to the debate on the rheological 
behaviour of magmas at low to moderate (0-30%) crystal 
contents, by introducing a recently developed approach to 
modelling viscous interaction-dominated slurry. Prominent 
papers in this field of study are by McTigue & Jenkins (1992), 
who introduced an analytical method and Nott & Brady (1994) 
where a numerical calibration is carried out. In these papers a 
scalar measure of the fluctuations of the particle motion is
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y
Fig. 6. Summary of the gradients in velocity (du/da) and granular 
temperature acting on a magma flowing vertically in a dyke. During 
shear, crystals diffuse away from the dyke margins (high shear) 
where particle collisions are frequent (high granular temperature, 7) 
towards the centre of the dyke (low shear) where crystal interactions 
are minimal (low granular temperature) following the granular 
temperature gradient.

introduced which is regarded as a ‘granular temperature’ 
analogous to the temperature in a classical dense gas. The 
fluctuations of the kinetic energy of the particles can be 
associated with the shear field in the average velocity, which 
varies radially across the dyke (see Fig. 6). These fluctuations 
arise because in shearing a suspension, particles are forced to 
avoid one another and to roll and translate in order to satisfy 
the mean imposed motion. The energy associated with these 
irregular movements is much greater than what may be 
expected on purely Brownian grounds (e.g. Ladd 1994a, t, 
Nott & Brady 1994: Phung 1993: Claeys & Brady 1993). Thus, 
during magmatic flow, the granular temperature at the dyke 
margins will be high while at the centre of the dyke this 
quantity will be minimal.

Associated with the granular temperature gradient created 
in this way is a diffusion effect. In the following section we 
show that this effect is large enough to account for the 
variations in crystal (solidoisity) distribution commonly 
observed in porphyritic dykes.

Bagnold number and constitutive laws
The analysis presented in the previous section gives a first- 
order impression of the flow properties of granitic magmas 
ascending in dykes. For a more detailed analysis, it is useful to 
estimate the Bagnold number (Gidaspow 1994), an important 
quantity that captures the ratio of collisional to viscous stresses 
in sheared suspensions. The Bagnold number (B$ is expressed 
as:

Bg —
p1o\A^»i

p ex (5)

where p, is the solids mass density, cr is the particle diameter, \ 
the linear concentration, dddx the typical shear rate and the 
fluid viscosity given as p. For granitic magmas with crystal 
sizes (a) <10 mm, estimated Bagnold numbers relevant to 
magma flow are of the order 10 indicating that the viscous 
forces dominate. Although suspension flow theories have been 
well developed for dry chute and water saturated collisional 
flows, the theory is generally less well known for viscous, low 
Bagnold number flows (e.g. dyke magmas).

Our analysis of granitic magma flow follows closely the 
approach first proposed by McTigue & Jenkins (1992), but 
with several important modifications relating to the boundary 
conditions. In their model. McTigue & Jenkins (1992) regard 
the particles in the suspension as a dense gas, which has 
mechanical and thermal properties (see Chapman & Cowling 
1990). The energy fluctuations of the particles due to shearing 
are captured in the granular temperature. Particle diffusion 
takes place when a temperature gradient is present. Our 
approach in modelling magma as a granular material involves 
a balance equation for the fluctuational energy, equivalent to 
the heat equation for a gas. The flux vector of fluctuational 
energy is called Q. the average particle velocity vector is v, the 
deviatoric stress tensor for the particulate phase is t and the 
dissipation rate (which needs to be added separately as this is 
a multi phase fluid) is y. In equilibrium the balance equation 
reads:

dQk di\ 
dxk tKdxk (6)

where Einstein’s summation convention has been applied. 
Furthermore introducing the particle pressure p, the fluid 
density p„,and the solids volume fraction 4>. the other equilib
rium balance laws are the stress equilibrium and the equation 
of continuity:

dp + (p,-pJs=o

d(<K)
dXi

(7)

(8)

These equations are made applicable by introducing constitu
tive laws much like those of a dense gas, that is an isotropic 
fluid constitutive law for the stress tensor, expressed in the 
deviator velocity gradient d and a Fourier-type law relating 
the heat flux to the temperature gradient:

0*= ^<4*5*+2 pt/* (9)

dT
(10)

dxk

McTigue & Jenkins (1992) introduce very simple, reasonable 
and physically well-founded expressions for the constitutive 
parameters X, p and ^ as well as an approximation for the 
dissipation rate y and the particle pressure p. Their view is that 
in the viscous limit forces are mediated through the fluid at 
short range and therefore a lubrication analysis holds. The 
interparticle force in the lubrication limit depends on the gap 
width h between the particles and their relative velocity. An 
analysis of how the form of the interparticle force is associated 
with macroscopic constitutive properties then leads to the 
following proportionality relations, expressed in the particle
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diameter o and the inverse relative gap width dtr. e* (V" - (1 - Pf) W-Q (22)

a
(11)

o
k*ot2P<t>- (12)

u o
(13)

a h
(14)

The nondimensional coefficients a, ... a4 depend on the local 
geometry (that is the particle shape) and are also weak 
functions of the solidosity. a4 is furthermore proportional to 
the parameter 1 - e. where e is a measure for the energy loss 
during an encounter between two grains. When the grain 
surfaces are very smooth e^O. but this is not relevant to 
crystals in magmatic flows where a distinct angularity is 
present. Thus, while the theory still contains a number of 
coefficients as well as the underlying assumptions of dense gas 
theory, the key physical mechanisms that take place in flow 
are represented, allowing an impression of the phenomena 
relevant to rising magmas to be assessed.

Application to magma flow
Consider a two-dimensional channel of width 2w with a 
streamwise co-ordinate x and a cross streamwise one y. The 
particle velocity and granular temperature at the centre of the 
channel are called U0 and T0 respectively. Following McTigue 
& Jenkins (1992). a practical scaling is introduced as follows:

H'
05)

A body force and fluid pressure gradient drive the process 
- dpjdx+ (p, - pjg. The velocity and temperature scales 

are related as follows:

The balance equations are then combined with the constitutive 
assumptions and expressed in the nondimensional variables:

l + (4>s-Vy«0 (17)

(4>s-,F/2r=0 (18)

iEa(*s-,^)'+*s-,(ii')*-4*s-,^=0 (19)

where the prime denotes differentiation with respect to y and 
e=V2aj/aj(a/w).

Finally, using a change of variable W='lT with the con
dition that the temperature and velocity fields are
symmetric across the channel we obtain:

4,s-'W=k-' (20)

where A is a constant and:

(21)

(23)

where V^wO) is the wall slip velocity, which will be 
discussed further below.

Boundary conditions
The equations put forward by McTigue & Jenkins (1992) can 
now be solved to give expressions for the separation <t>s- *, the 
nondimensional fluctuation velocity W and the nondimen
sional velocity u. In order to achieve this, boundary conditions 
must be specified. The ones put forward here are different from 
the ones introduced by McTigue & Jenkins who have es
pecially smooth boundaries in mind. In addition a value for k 
must be specified, together with a constitutive expression for 
the separation as a function of the solidosity.

The formulation of the boundary conditions are similar to 
those adopted by Chapman & Cowling (1970) for a gas in the 
vicinity of the wall of a vessel. Molecules that strike the wall 
may either deflect elastically or be captured for a while and 
then remitted into the gas with an energy that corresponds to 
the temperature of the wall. This process is also thought to be 
relevant to the irregularly shaped crystals in the vicinity of a 
dyke wall. The latter is hardly a smooth wall, but shows (on 
the scale of the crystal size) crevices and irregularities in which 
it is possible to capture grains for a short while, before they 
are reissued into the magmatic mass at approximately zero 
velocity. Chapman & Cowling (1970, section 6.21) call the 
fraction of captured grains 0 and demonstrate that the slip 
velocity of particles near the wall is a function of the mean free 
path X. and the particle velocity gradient in the gas:

V~ 2-e
p,k

du
dy

(24)

Similarly the temperature jump near the wall is given as:

T=
dT
dy

(25)

The coefficients P, 2 are of order unity. The mean free path 
is approximated as X^o/(6<})); using the nondimensional 
variables as before yields:

'-S-'SO

When both the wall and the grains are very smooth and the 
channel width is not too large compared to the grain size (say 
a factor of 10) then the rheology proposed here is equivalent to 
vanishing gradients of velocity and temperature at the bound
aries. The numerical simulations by Nott & Brady (1995) 
would appear to support this proposition (especially at small 
solidosities). The behaviour near the wall is difficult to 
measure.

A constitutive equation for the separation s is given by 
Torquato et al. (1990) for spherical particles in the regimelsy



GRANULAR FLOW IN GRANITIC MAGMAS 879

where the solidosity is not too small (♦>0.2):

(»-4>)3
12<|)(2-<t))'

(28)

The condition for the solidosity. which determines the value of 
k, is:

I 4>(>>)d;p = 2$ (29)
-i

where <J> is the average crystal solids concentration.
A refinement to the above treatment of the boundary 

conditions is required to deal with the fact that the solidosity 
as well as the field variables u and its derivative <7 are 
continuum descriptors, while close to the wall—at distances 
smaller than the mean free path—no large number of particles 
is present to define field variables in a meaningful way. Thus 
the solidosity that appears in equations 26 and 27 has meaning 
only over a layer of width /=X/iv.

Solving for magmatic flow
The solution strategy is now outlined. Central is a solution of 
equation 22 for which k and the boundary condition W(0) are 
given. If these two parameters are known a simple fourth order 
Runge Kutta suffices to give a numerical estimate of W[g) in 
the region Oc/cw'-). Simultaneously the solidosity field ♦ is 
computed from W|$ by solving:

124>2(2-<{))
(i-4»5 (30)

The solution is expressed in Z=(kW{\)) ~ 1 and is approxi
mated as a deviation from a first estimate 4>0 as follows:

v/3(v/8(ZF1-64>S(34)0-8))-Z3F2+v/3(Z4>g-l)-12^)
6(Z(<i>0-l)-4(3<t>0-2))

f \ ~(3<)>o— 104>o + 9<t>o —64>0 + 4) (31)
= (<l>$ “ 4<}>3 + 6<(>5 - 4<j>0 + 1).

The solidosity in the layer by the wall is called <(> . This is the 
value of ♦ at the edge of the layer. The parameter k and the 
value of W(0) are determined from conditions 27 and 29,

i - '/
(replacing (}> with (4>)) and the fact that (<f>)l=y- ^ <t)(0d/by 
iteration. The slip velocity is obtained from equation 26:

p- 2-9 Pt
0 6<4>>2

es(l -f) (32)

and the velocity field is obtained from equation (23).

Results
The effects of the theory are illustrated here by taking all 
parameters a, ... a4, (32=1 and constant, while p,=0.01 and 
also constant, independent of the solidosity. The parameter 
0=0.3. Naturally in a more refined approach the constants 
may be modelled, for example by deriving them in some detail 
from a numerical simulation, see Nott & Brady (1994). The 
results are shown in Figs 7-9. where the solidosity, velocity

0.6 -

0.2 -

y
Fig. 7. Variation in solidosity (crystal content) profile for three 
average solidosities (♦) of 10%, 20% and 25% across dyke half 
width (margin at y=1.0). The model predicts highest solodisities in 
the centre of the dyke. Note that no continuum solution is available 
inside the particle mean-free path.

y
Fig. 8. Normalized particle velocity profile for three average 
solidosities (♦) showing the onset of plug flow. Velocity is reduced 
with increasing crystal loads. Unlike traditional Bingham models (cf. 
Fig. 5), no yield strength is assumed, and the plug-like flow profiles 
arise spontaneously during particle diffusion.

and fluctuation velocity intensity are plotted as a function of 
the nondimensional cross streamwise parameter y. Outside the 
mean free path boundary no continuum solution is available.

The results reveal quite high solidosities at the centre of the 
pipe, where a plug-type phenomenon is seen to occur (e.g. Fig 
8). This effect is independent of the average solidosity (3>) 
across the dyke (0.1. 0.2. 0.25), but the extent of the solids 
concentration variation is a function of <J>. Accompanying the
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y
Fig. 9. Fluctuation velocity profile J W for three average solidosities 
(see Figs 7-8). Particle velocity fluctuations (and hence granular 
temperatures') are highest close to the dyke margins (cf. Fig. 6). in 
accordance with granular flow theory. In dyke magmas, diffusion of 
crystals from the margin to core during shear results in flow 
differentiation (Bagnold effect).

solidosity variation is the average velocity of the solids. In Fig. 
8 a plateau develops in the centre of the dyke, much like a plug 
in Bingham flow (cf. Fig. 5). but it is noted that the mechanism 
here is entirely diffusiona! as the magma has no inherent 
strength. To illustrate this further the granular velocity fluc
tuation intensity is shown in Fig. 9 The outcome of the 
calculation is that high temperatures' are obtained near the 
walls, while low ones appear at the centre, thus allowing 
diffusion of suspended crystals towards the axis of the conduit.

For higher solidosities (>c. 0.40). the theory is deficient as it 
holds only for small (<0.30) solidosities where the lubrication 
approximation is invalid. The effect however, is quite clearly 
present and the variation of temperature, velocity and solid
osity fields are all as expected when the average solids density 
is varied.

Discussion

Flow differentiation in magmas and the Bagnold effect
Most aspects of dyke magma flow in the earth can be described 
using simple laminar, constant viscosity flow (e.g. Lister & 
Kerr 1991). For a moving suspension, viscous fluctuation 
theory predicts a radial migratory process, as a result of which 
the solids volume fraction at the centre of the pipe is increased 
while the concentration of solids near the wall is much 
reduced. As the viscosity is a strong local function of the 
solidosity a large viscosity contrast becomes established 
between the crystal-poor margin (lower viscosity) and the 
crystal-rich core (highest viscosity). As the viscosity is a strong 
local function of the solidosity, a lubrication effect follows 
similar to that described by Carrigan (1994) for basaltic 
conduit linings.

Granular flow theory offers an explanation of the creation of 
a solidosity variation, observed in suspension flow in pipes 
(Bagnold 1954) and some porphyritic dykes. It is stressed again 
that the Bingham theory can only describe the effect of high 
particulate concentration at the pipe axis, when an adequate 
number for the yield strength is introduced. It has been 
demonstrated above that no appropriate laboratory exper
iment justifies the order of magnitude required to make this 
theory work, attractive and simple though it is. While more 
work is required to obtain the exact constitutive values of the 
interactive parameters, viscous fluctuation theory has clear 
application in other geological processes (e.g. debris flows and 
pyroclastic flows) where grain interactions play an important 
role in governing transport properties.

We would like to thank R. F. Weinberg and D. B. Dingwell for 
helpful reviews. CESSR Publication no. 1.
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POROUS MEDIA FLOW IN GRANITOID MAGMAS: AN ASSESSMENT
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ABSTRACT. Compaction and compositional convection as potential in-situ differentiation mechanisms in 
granitoid intrusions has been investigated numerically for melt fractions of between 10 and 50 percent The 
results show that the major factor controlling fluid movement, and hence chemical and mineralogical 
variation during late stage crystallisation is the viscosity of the interstitial melt. Thus, for anhydrous melts 
where viscosity increases with crystallisation, fluid migration rates are trivial over the average lifespan of 
even the largest silicic magma chambers (ca, 10^ years). Alternatively, if the melt viscosity decreases 
during crystallisation, the relative movement of evolved fluid relative to the solid phase is such that both 
processes become potentially viable mechanisms of in-situ magma chamber differentiation. At initial 
porosities in excess of 20% and melt viscosities at or less than lO'' pascal seconds, compositional 
convection is the dominant process of fluid movement in the crystallising pluton. As crystallisation 
proceeds and porosities drop to values below ~0.2, convective velocities become subcritical and compaction 
becomes increasingly dominant. A major consequence of both compaction and compositional convection in 
basic magmas is the production, through superefficient melt extraction, of texturally equilibrated, layered 
monominerallic rocks. The absence of similar rock types in granitoid plutons suggests that although 
compaction and compositional convection may go some way to explain chemical and mineralogical 
variations in zoned granitoids, neither process is capable of producing the extreme mineralogical variations 
seen in large basic intrusions.

1. Introduction

Most of the major advances in conceptual understanding that have taken place in igneous 
petrology over the last ten years have come about through the application of numerical and 
dynamic modelling of fluid processes to igneous systems. However, the great majority of 
work to date has been concerned with the dynamics of low viscosity (lO^lO^Pa s) basic 
magmatic systems (McBimey and Noyes, 1979; Huppert and Sparks, 1980, 1984; Rice, 
1981; Sparks et ah, 1984; Marsh, 1989; Hansen and Yuen 1987), where there now exists a 
wealth of both experimental and theoretical data. In contrast, the fluid behavior of silicic 
magma systems has not been dealt with in any great detail, although their fossilised remains 
(now exposed at the earth's surface as granitoid plutons) show clear mineralogical and 
chemical evidence that they have, in much the same way as their more basic counterparts, 
undergone a complex fluid history prior to solidification. Where magma differentiation in 
granitoids has occurred in-situ, the gross scale compositional variation within the pluton is 
generally thought to be controlled by boundary layer fractionation (eg. Sawka et al., 1990). 
At at melt fractions in excess of 50%, this appears an effective way of producing
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compositional variation in zoned plutons. However, at melt fractions (porosities) < -0.5, the 
mechanical strength of the magma increases over many orders of magnitude (Arzi, 1978) 
and the system becomes in effect a rigid porous medium. Under these conditions, large scale 
boundary layer differentiation will be be strongly inhibited. This contribution is concerned 
with crystal-liquid fractionation processes that are thought to occur after the main stage of 
boundary layer differentiation, at melt contents generally less than 50%.

Fluid flow through saturated porous media is an important process in both hydrology and 
petroleum engineering, and is supported by a large base of technical literature (Bear, 1972- 
Dulhen, 1979; Cushman, 1990). Crystallising magma can also be treated as a porous 
medium, and recently several macroscopic flow models involving X) compaction and 2) 
compositional convection have been applied to basic intrusions with some success in 
explaining the origins of certain mineralogical and chemical variations (McKenzie 1985 
1987, Tail et al., 1984; Tait and Kerr, 1987; Tait and Jaupart, 1989; Martin, 1990). In this 
study, the equations used to model porous media flow in basic magmas have been applied in 
an unmodified form, to higher silica (higher viscosity) granitoid systems using values of 
grain size, viscosity, density and porosity likely to be found during the crystaUisation of 
granitoid magmas. Although simplistic in approach, it is considered that the results obtained 
here offer some constraints on the required boundary conditions that must be met for 
compaction and compositional convection to promote chemical differation in high silica 
granitoid magma chambers.

Section 2 of this paper reviews the role of thermal convection in silicic magma chambers. 
Section 3 examines some of the field, mineralogical and chemical evidence for in-situ zoning 
m granitoid plutons, and is followed in section 4 by a review of the compaction process. The 
results obtained from the compaction equations applied to silicic systems are shown in 
section 5, while sections 6 and 7 consider the role of compositional convection. In the 
discussion section (8), the comparative effectiveness of both processes are assessed, along 
with some of the petrological implications of porous media flow in granitoid plutons.

2. Whole-Body Thermal Convection In Silicic Magmas

Once a hot body of magma has been emplaced within the crust, heat loss through the floor 
walls and roof of the newly formed magma chamber will produce thermal gradients that may 
cause the magma to convect. Induced convection resulting from heat loss is described by the 
dimensionless thermal Rayleigh number

p. _ g«ATd3
KXH (I)

representing the ratio of buoyant to viscous forces in a fluid (see Appendix for a list of 
symbols). The critical Ra number for convection in magma chambers is generally > 3000 
(Sparks et al., 1984). For geological systems, the two most important variables in (1) are the 
thickness of the fluid layer (d), and the fluid viscosity (p). The viscosities of silicate melts 
can be estimated fairly reasonably by the Arrhenis relation (Shaw, 1972),

11 = 110 exp(E / RT) (2)



263

where Tjo is a pre-exponential constant and E is the activation energy* The melt viscosity is 
temperature dependent, and decreases with increasing temperature. However, once 
crystallisation begins, the cumulative effect of suspended crystals can lead to an increase in 
viscosity of more than ten orders of magnitude (Arzi, 1978). Shaw (1965) and Bartlett 
(1969) have shown that even with the relatively high viscosities calculated for granitic liquids, 
thermal convection is easily achieved during the early stages of cooling and crystallisation, 
provided d is large enough, while Spera et al., (1982) have calculated Ra numbers in excess 
of 1011 for large magma bodies. This is shown in figure 1, where magma viscosity 
(calculated using eqn.2) is plotted against magma chamber height (d) for a suite of typical 
granitoids. The field defined by the granitoids lies well inside the convecting region of the 
diagram, indicating that during the initial stages of intrusion, the Ra number for these 
magmas was supercritical. However, the ability of magma chambers to loose heat through 
thermal convection has been recently questioned by Marsh (1989, 1991), who has argued 
that AT is rarely large enough to drive vigorous, whole-chamber convection. In the Marsh 
model, thermal convection is limited to the early stages of (superheated) magma evolution, 
and rapidly gives way to conductive cooling, although this thesis has been recently criticised 
by Huppert and Turner (1991).

It is assumed that during thermal convection the granitoid liquids were chemically 
homogeneous, and behaved as viscous Newtonian fluids. However, Spera et al. (1982) have 
shown that single phase melts with Si02 contents > 65 wt % may deviate from strictly 
Newtonian behavior. Furthermore, silica-rich liquids may also possess an inherent shear 
strength. One result of these non-linearities, if present, may be to suppress the onset of 
thermal convection, even at supercritical Ra numbers. In such instances, the critical Rayleigh 
number may have to be overstepped before convection can begin (Wickham, 1987). 
Alternatively, if Marsh (1989) is correct in his assessment of AT (very small), any non- 
linearities in fluid behavior may be large enough to effectively suppress thermal convection.

Magma behavior is also to a large extent density dependent. Magma densities vary with 
temperature, pressure and composition, the latter being strongly dependent on the extent to 
which Fe is enriched or removed from the melt during crystallisation (Sparks et al., 1980). 
The densities of multicomponent silicate melts can be calculated from the partial molar 
volumes of their oxides from (Bottinga and Weill, 1970; Bottinga et al., 1983),

p = XX^/XiVi (3)
i

where Xj is the mole fraction of component i, Mj is the gram formula weight and Vj is the 
partial molar volume. For most silicic melts, there is a general decrease in density with 
increasing silica content. Densities calculated using (3) for the suite of granitoids illustrated 
in figure 1 range from 2700 kg nr3 at 50 wt% Si02 to 2400 kg nr3 at 75 wt% Si02. The 
calculations in the following sections are based on a density contrast (Ap) between the solid 
and melt phase of 300 kg nr3.

2.1. COOLING TIMES IN SILICIC MAGMA CHAMBERS

Obviously for a fractionation mechanism to be of any relevance in magmatic differentiation, 
it must operate on timescales well below the solidification times for silicic magma chambers. 
For a closed system chamber undergoing in-situ differentiation, the longevity of the system 
will depend on several factors including the size and depth of emplacement of the magma
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Figure 1. Magma convection as a function of viscosity and magma chamber depth. Numbers 
in brackets show the approximate range in convective velocities (after Bartlett 1969 and 
Wickham, 1987).

body, volatile content and the local geothermal gradient (Shaw, 1965). Heat fluxes for a 
range of magma bodies have been estimated at between IxlO-3 cal cm^s-1 and lxl0’5cal 
cm*2 s1 (Bartlett, 1969 and fig. 1), while some silicic chambers apparently record vertical 
temperature gradients of the order of 200°C km (Hildreth, 1981). For large (ca 10-15 km 
sized) intrusions, cooling times are generally between 103-106 years (Spera, 1980) while 
studies from long lived volcanic centres such as the Yellowstone Caldera complex suggest 
magma chamber lifetimes of tens of millions of years. Recent advances in isotope 
geochronology, in particular the ability to accurately date discrete fractionation events within 
large silicic magma chambers such as the Long Valley volcanic complex, have been used to 
imply magma residence times of the order of 0.7 Ma (Halliday et al., 1989). The heat 
required to to keep the system from solidifying is thought to come from primitive material 
injected into the base of the chamber (although this has been recently questioned by Sparks 
et al., 1990).

3. Evidence for Zonation and Chemical Heterogeneities in Granitoid Plutons

Many field based studies from around the world have shown that granitoids are 
mineralogically and chemically zoned, both vertically and horizontally, on scales ranging 
from cm to km (Daly, 1933; Vance, 1961; Ragland and Butler, 1972; Stephens and Halliday, 
1979, Castro, 1987; Shimizu and Gastil, 1990; Sawka et al., 1990). Some typical examples of 
zoning patterns are shown in figure 2. The most common form is a concentric zonal 
geometry defined by a progressive increase in more evolved (higher Si02) rock types towards
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the interiors of the exposed pluton, away from a more 'basic' (lower Si02) margin, although 
this pattern may sometimes be reversed (Speer et al, 1989). It should be stressed that 
compositional zonation of this kind in the liquid state would be gravitationally unstable. 
Zoning profiles can be either symmetrical or asymmetric, and individual zones can be either 
mineralogically and chemically distinct, or diffuse and irregular. Furthermore, some plutons 
that show no obvious zonation in the field can nevertheless be cryptically zoned with respect 
to certain trace elements and isotopes (Taylor, 1985; Mohr, 1990).

A number of explanations have been put forward to explain compositional zonation in 
granitoids, and these are summarised in table 1. Possible mechanisms include: 1) zonation via 
multiple injection of magmas of differing composition into the same magma body, 2) 
assimilation (with possible fractionation) of melted wall rock by the invading high 
temperature magma, and 3) in-situ differentiation within a single, homogeneous pulse of 
magma. The main differences in 1-3 above are that while both 1 and 2 evolve as open 
systems, with new material being added periodically into the chamber, 3 remains a closed 
system, effectively isolated from new influxes of heat and mass. Clearly the simplest case is 
found in 3, and thus only those plutons that are considered to have become zoned in-situ are 
considered further.

3.1. IN-SITU ZONING IN GRANITOID PLUTONS

A good example of a horizontally and vertically zoned granitoid is the Santa Rosa unit that 
forms part of the much larger Coastal Batholith of Peru (Pitcher, 1978). The intrusion shows 
a range of rock types that are considered to have formed in-situ from a single, homogeneous

Figure 2. Typical examples of zoned granitoid plutons from southern Scotland (from 
Stephens and Halliday, 1979). All show a more or less concentric zoning pattern defined by 
an increase in higher Si02 (lower density) rock types towards their cores. Criffell is 
considered to be a multiple pluton (Stephens and Halliday, 1979) while Doon may have 
differentiated in-situ from a single magma pulse (Tindle and Pearce, 1981).



266

pulse of magma (Atherton, 1981). Evidence for in-situ zoning comes from both field and 
chemical studies, where detailed sampling has shown a systematic variation in major and trace 
element concentrations from the margin of the intrusion towards its core (figure 3). In 
particular, the smooth K/Rb (and Rb/Sr) ratios across individual lithological zones implies that 
crystallisation occurred unimpeded by repeated influxes of new magma. Similar gradients in 
trace element ratios are seen in other plutons that are believed to have become zoned in-situ 
(Phillips et al., 1981; Tindle and Pearce, 1981),

3.1.1. In-situ differentiation mechanisms. Most authors invoke some form of boundary layer 
differentiation to explain the observed zoning profiles seen in granitoids (Bateman and 
Chappell, 1979; Atherton, 1981; McBimey, 1985; Sawka et al., 1990). In these models, the 
crystallisation of early formed mineral phases at the side-walls, floor and roof of the cooling 
magma chamber produces a residual, boundary layer liquid. Depending upon its density, the 
liquid moves either upwards or downwards, away from the advancing crystallisation front to 
collect at the floor or the roof of the chamber. Differentiation in the liquid state may also 
occur through thermogravitational diffusion (Hildreth, 1981).

TABLE 1. Summary of processes that may contribute to compositional zoning in granitoids.

____________ OPEN SYSTEMS________________________CLOSED SYSTEMS_________
multiple injection of compositionally in-situ differentiation from a parent magma
discrete magmas (Halliday et al., 1980) of uniform composition

assimilation of country rocks during 
and after emplacement (DePalo, 1981; 
Stephens et al., 1985)

magma mixing (Wiebe, 1973) 

fractional fusion (Prensnall, 1969)

Possible fractionation mechanisms:
1) crystal settling (Atherton et al., 1979)
2) boundary layer (floor, side-wall and roof) 

differentiation (Bateman and Chappell, 
1979; Sawka et al., 1990)

3) filter pressing (Tindle and Pearce, 1981)
4) compaction?
5) compositional convection?

Two processes that may potentially contribute to compositional zoning in granitoid 
systems at melt fractions < 0.5 are compaction and compositional convection. These melt 
fractions coincide with the rheological critical melt percentage of Arzi (1978) and the critical 
melt fraction of Van der Molen and Patterson (1979). Here, at crystal contents of between ca. 
40-70%, the mechanical behavior of the system changes from a viscous fluid to an elastic 
solid. At these crystal contents, compaction at the base of the magma chamber may become 
an effective differentiation mechanism by removing evolved melt out of the crystalline matrix 
and into the liquid core of the pluton. Indeed, the analogous process of filter pressing has 
been cited as an important, late-stage in-situ differentiation mechanism in granitoid plutons 
(Tindle and Pearce, 1981). Finally, there also exists the possibility that, as in basic systems, 
compositional convection will occur within the crystallising layer. These processes are shown 
schematically in relation to a crystallising mush in figure 4.
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Rock Type diorite tonalite grano- granite
diorite

Figure 3. a) Cartoon showing schematically the normally zoned nature of the Santa Rosa 
granitoid, b) Si02 (wt%) and trace element (ppm) trends from a traverse at right angles to the 
contacts of the major rock types that make up the intrusion. The relatively smooth variations 
in trace elements between each rock type is consistent with closed system, in-situ 
differentiation. Also shown is the inwards decreasing normative plagioclase content (after 
Atherton, 1981).



268

evolved liquid

4
compaction

h

solid
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Figure 4. a) Conceptual representation of compaction and compoistional convection within a 
crystallising layer of thickness h. Crystallisation produces a chemically evolved melt which is 
capable of convecting out of the porous crystal mush. Gravity driven compaction may also 
operate to expel evolved interstitial liquid from the boundary layer, b) Variation on the 
crystallisation interval concept of Brandeis and Jaupart (1987) showing a one-dimensional 
section through the crystallising layer h represented above. The layer is bounded at the base 
by fully crystallised solid material and at the top by a crystal-liquid interface, above which is 
crystal free melt. The crystallising layer forms a porosity interval, with porosity decreasing 
downwards with increasing crystal content (\y).
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To summarise, there is abundant evidence that at high (1.0-0.5) melt fractions, boundary 
layer fluid movement has occurred during the in-situ crystallisation of granitoid plutons, and 
that this movement has resulted in mineralogical and chemical variations. The rest of this 
paper is concerned with the potential role of both compaction and compositional convection 
in producing chemical and mineralogical variations in granitoid margins at porosities (melt 
fractions) < 0.5.

4. Compaction and Melt Extraction

McKenzie (1984, 1985) has shown that gravity driven compaction of partially molten rock 
can be an efficient mechanism of melt extraction and chemical differentiation. The solutions 
to the differential equations formulated by McKenzie (1984, 1985) governing the the viscous 
deformation of the compacting crystalline matrix pertinent to this study are set out below. 
These are a) the compaction length, b) the relative separation velocity between melt and 
matrix, and c) the compaction time.

In the simplest case, a layer of thickness h with a constant melt fraction ((|)) is placed on an 
impermeable surface. If the matrix is denser than the melt, compaction then begins in a layer 
near to the surface, whose thickness, 5C, is defined by

5C = * 3 1 (4)

where (X is the shear viscosity of the melt, £ and rj are the bulk and shear viscosities of the 
matrix, and k is the permeability of the melt network. In layered intrusions, the viscosities of 
pure olivine matrices range from 2xl018 to 1017 Pa s (McKenzie, 1985). However, the matrix 
viscosity in granitoid systems is an unknown variable, and following McKenzie (1985), (£ + 
4/3ri) has been assigned a value of 1018 Pa s. If the resulting upward movement of less dense 
melt is fast enough to prevent compaction, the relative separation velocity between melt and 
matrix becomes

K(l-<t>)(ps-pf)g/p(!> . (5)

where <j> is the porosity (or melt fraction by volume) and g is acceleration due to gravity. As 
the compacting melt moves upwards, the compacting layer must also increase with time to 
provide more fluid. The time, tht taken to reduce the total amount of buoyant fluid in a layer 
h by a factor of e (from /uj) to /itj)/e), is approximated by

hi = S„
(6)

W0(l-«
where the variable x0 is a scaling factor (Richter and McKenzie, 1984). Eqn. (6) is only valid 
in cases where Sc « h . Where the compaction length exceeds the layer height, the flow 
becomes independent of both viscosity and permeability, and is controlled purely by the flow 
of the matrix. In this case, th is expressed by

^8
hi =

<K£+-r|)
__C_ __________J
h /i(l-<j))2Ap£ (7)
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The governing equations and their solutions were originally used to describe the expulsion of 
small melt fractions form a source region within the mantle (McKenzie, 1984; Richter and 
McKenzie, 1984). However, compaction may also be important in generating low porosity 
cumulate rocks in crustal layered basic magma chambers, and in driving fluid movements in 
sedimentary basins (Irvine, 1980; Bethke, 1985; Kerr and Tait, 1986; McKenzie, 1987; 
England et al., 1987).

Compaction as a means of segregating granitic melts from a crustal source region 
undergoing 2-10% partial melting has been considered by Wickham (1987). Using the 
constants adopted by McKenzie (1984) for mantle melting, Wickhams calculations showed 
that over timescales of 10^-10^ years, only limited melt segregation would occur, and 
concluded that the compaction process is incapable of producing km sized bodies of granitic 
magma over reasonable(< 109 years) timescales, due largely to the inhibiting effects of high 
melt viscosities.

4.1. CRYSTALLISATION, COMPACTION AND MELT SEGREGATION IN SILICIC MAGMA 
CHAMBERS

Both the approach and the problems addressed here are different from those set out by 
Wickham (1987). Rather than using the compaction equations to generate a body of granitic 
magma, they are instead applied to a magma chamber where compaction is occurring within 
a 100 m thick crystallising layer at the base of the chamber. Similar models have been put 
forward to explain the origin of some adcumulate layers in basic intrusions (McKenzie, 
1987). The analogous process of filter pressing has also been proposed as a mechanism for 
in-situ fractionation in granitoid plutons (Tindle and Pearce, 1981). As a gravity driven 
process, compaction will not be able to produce large scale horizontal zoning in magmatic 
systems, and is thus only applicable in the case of vertically zoned plutons (although 
compaction modelling in sedimentary basins by Bethke (1985) suggests that here the process 
can lead to horizontal flow).

Although large compositional differences exist between granitoid and basic rock types, 
McCarthy and Groves (1979) have suggested that granitoids are analogous to basic 
cumulates, where their textures reflect a mixture of early formed crystals ^(cumulus phase) 
and trapped residual liquid (intercumulus melt). Textural and petrological studies of 
Cordilleran type granitoids suggest that the first major minerals to crystallise are plagioclase 
± amphibole ± biotite. Phase relations in the quaternary Ab-Or-An-Qz(-H20) system show 
that for many Cordilleran granitoids, the early stages of crystallisation are dominated by the 
precipitation of plagioclase (Prensnall and Bateman, 1973; Atherton, 1988). These rocks 
often contain modal plagioclase in excess of 50% that in three dimensions form an 
interconnected framework (R. Hunter, pers comm). Thus, during cooling it is possible to 
envisage a crystallising layer at the margins and floor of the chamber composed essentially 
of plagioclase ± biotite and hornblende, with the intergranular fluid forming an 
interconnected porosity of up to 50%. The effects of the crystallisation of biotite and 
hornblende will lower the density- of the intergranular melt by removing iron and 
magnesium.

4.1.1. Porosity and Permeability. Rapid undercooling at the margins of magma chambers 
leads to nucleation and crystal growth. The resultant boundary layer between the crystallising 
and fully crystallised magma forms a crystallisation front that moves inwards with time, away
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from the solid margins of the intrusion (Brandeis and Jaupart 1987). The nucleation density, 
and the shape and size of the growing crystals in the crystallisation front is likely to exert a 
fundamental control on the porosity and permeability, and hence fluid flow, through this 
region. In this study, where the emphasis is on the volume of melt as opposed to the volume 
of solid, it is more useful to think of the crystallising magma in terms of melt content, as 
opposed to crystalline solid. The relationship between porosity ((f)) and crystal content (y) is

♦ “(l-V) (8)

where the porosity interval decreases from 1 to 0 as crystallisation proceeds (Fig 4b). A 
porosity interval of 0.5-0.1 (ie. 50-10%) has been used in the following calculations in order 
to asses the roles of compaction and compositional convection during the latter stages of 
crystallisation. Although for the following calculations the porosity interval is kept constant 
for constant viscosities, in reality the situation may be far more complex, and both viscosity 
and porosity are likely to vary within the crystallising layer. The major control on porosity is 
the grain size, itself strongly dependent on the crystallisation kinetics within the layer. 
Another important variable, controlled to a large extent by <{> is the permeability (k) of the 
porous media. Permeability measurements over a range of porosities suggest that the 
relationship

„ <*¥-5 

5.6
(9)

where d2 is the grain diameter, is valid for randomly packed spheres with porosities of 
between 0.35-0.65 (Dullien, 1979). McKenzie (1984) considered this to be too high an 
estimate of mantle permeabilities, where porosities range generally between 0.001 and 0.01, 
and has proposed a slightly modified expression (McKenzie, 1984, eqn. 4.4). However, for 
the much higher porosities expected during boundary layer crystallisation in crustal magma 
systems, (9) appears a valid approximation (Kerr and Tait, 1987).

5. Results

Figure 5 shows the variation in compaction length (5C) with porosity for the range of magma 
viscosities appropriate for the Santa Rosa granitoids, calculated using eqns. 4 and 7. The 
dashed lines in figure 5 show where the compaction length exceeds the compacting layer 
height (ie Sc » /i). The calculations show that for a given viscosity, the compaction length is 
strongly influenced by the porosity. For example, a melt with a viscosity of 107 Pa s and a 
porosity of 0.3 has a compaction length of 50 m which is half the compacting layer height. 
But if the porosity is reduced to 0.1, 5C falls to just 2.4 m. For viscosities higher than ca. 107 
Pa s, compaction lengths become small even at relatively high (0.3) porosities. However, a 
favourable combination of high porosities and low viscosities can lead to rapid extraction 
times. For example, in the most extreme case, where jJ, = 10s Pa s and (J) = 0.3, the time (f/,) 
required to compact the layer h is - 7x10^ years. However, if for the same viscosity the 
porosity is reduced to 0.1, the required compaction time increases to 2.5x105 years.

Figure 6 shows the variation in x0 (scaled using eqns. (6 and 7)) with porosity for the same 
range of melt viscosities used in figure 5. Also shown are the upper limits of magma chamber 
longevity based on cooling rates in silicic plutons (Spera et al., 1982). Taking a minimum
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108 Pa s

(1)
Figure 5. Compaction length (8C) versus porosity (<J)) for a range of melt viscosities 
appropriate for anhydrous granitoid magmas, calculated using (4) and (7). The dashed lines 
show where the compaction length exceeds the layer height of 100 m (see text for 
discussion).

-max
108 Pa s

Figure 6. The variation in scaled compaction time (x0) with porosity for the range of melt 
viscosities shown in Fig. 5. The shaded area represents the minimum and maximum estimated 
time taken for a large silicic magma chamber to cool to its solidus temperature. Compaction 
is only a viable mechanism of melt extraction at melt viscosities less than ca 10^ Pa s.
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lime required for die magma temperature to reach the solidus temperature as lO* years it is 
clear that compaction will only be important in systems where melt viscosities are > 10«’pa s
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Figure 7. The relative velocities of selected trace elements relative to the compacting melt 
velocity (We/W) for a range of porosities. Bracketted numbers are the distribution 
coefficients for each element in plagioclase (Henderson, 1982).

6. Compositional Convection

Fluid flow through porous media has been proposed by Tail et al. (1984) and Kerr and Tait 
(1986) as a means of producing monominerallic layering in large basic intrusions that have 
cooled slowly. The assumption is that during crystallisation, the melt phase forms an 
interconnected three dimensional porosity between the growing crystal grains. The resulting 
capillary network is capable of transporting chemically fractionated solute away from sites of 
crystallisation by convective flow, provided the residual liquid is less dense than the 
surrounding solid phase (Chen and Turner, 1980; Huppert and Sparks, 1984). Although 
successfully applied to basic systems, the possible effects of compositional convection in high 
silica liquids has not been dealt with, although compositional convection in viscous melts has 
been recently investigated by Tait and Jaupart (1989). In this section, the theory developed 
from the experimental results of Kerr and Tait (1986) describing the physical behavior of a 
basic melt phase in a crystallising porous medium is applied to granitoid systems. The theory 
will be used in an attempt to assess firstly under what conditions compositional convection is 
possible in granitoid magmas and to assess its effectiveness as a differentiation mechanism. 
As with compaction theory, the most important substituted variables in the following 
calculations are the melt viscosity and the density contrast between the solid and melt.
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Thermal convection can occur in a porous medium in much the same way as in a fluid 
provided the solutal Rayleigh number is > 4ti2 (Lapwood, 1948). The temperature gradient 
required to initiate convection comes from cooling at the base of the porous media, although 
me presence of horizontal temperature gradients set up through side wall cooling may also
be important (Spera et al., 1982). Compositional convection is defined by the dimensionless 
solutal Rayleigh number

_ kg&ph.
D|! (12)

wIT i!eight 0f ,the porous medium’ APg is Ihe density contrast between solid and
melt, and D is the diffusivity of the chemical components in the melt (Kerr and Tait, 1986). 
As with compaction, fluid movement through compositional convection will only occur if 
convective velocities exceed the rate of solidification.

7. Results

The relationship between Ras and melt viscosity over a range of porosities calculated using 
eqn. (12) is shown in figure 8. The shaded area represents the critical Rayleigh number that 
must be exceeded before convection can begin. The results show that compositional 
convection is only possible at <j> > 0.2, even for the lowest melt viscosity of 105 Pa s.

cc*lvectl0n occurs 111 a relatively narrow window at melt viscosities of between 
10 -10 Pa s and porosity interval of between 0.5 and -0.2. The most viscous melt capable 
of convection (p, - 10 Pa s) can only do so at porosities close to 0.5. If the porosity is 
reduced to 0.3, convection is no longer possible unless accompanied by a systematic drop in 
melt viscosity to - 10 Pa s. These results imply that in the simplest case, compositional 
convection will only occur early on in the crystallisation history of the magma, where initial 
porosities are likely to be high. The convection velocity (Vc) of the unstable melt has been 
estimated (after Kerr and Tait, 1986) from

.4.5 Cjf
(13)

where (j) is the porosity and C is a constant relating the density of the fluid to the grain 
mmeter (see Appendix). For eqn. (13) to be valid, the pore Reynolds number, defined by

p „ Ud Rep —
H v (14)

where U is the fluid velocity and n is the kinematic viscosity must be less than 1. At ReD > 10 
me flow is likely to be turbulent and Darcy's law is no longer valid (Dullien, 1979) Pore 
1x10-4 nUmberS f°r the Vari0US melt viscosities used in this study reach a maximum of

Figure 9 shows the calculated variation in convection velocity with melt viscosity for the 
granitoid magma The shaded region correlates with the onset of compositional convection 
s own in fl§ure 8_Cie- where Ras > -40). Convective velocities within this region range from 
00 mm/yr at § - 0.5 and p. =; 105, to 4 mm/yr at <j) = 0.5 and ^ = 107 Pa s. Thus, at high 

porosities, compositional convection appears a viable mechanism for removing low viscosity 
melt from its crystallising matrix, although as crystallisation proceeds and the porosity is
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convecting

|H (Pa s)

Figure 8. Solutal Rayleigh number (Ras) as a function of melt viscosity for a range of 
porosities, calculated using (12). The shaded region shows where Ras exceeds 4n2 (-40) 
marking the onset of convection within the pore fluid. Convection can only occur at 
porosities greater than 0.2, even for the lowest initial melt viscosity of 105 Pa s.

c (mm/yr)
Figure 9. Variation in convective velocity of the interstitial melt as a function of viscosity and 
porosity. Compositional convection only occurs within the shaded region where Ras>40 (see 
Fig. 8). Convective velocities (calculated using (13)) are fastest at low viscosities and high 
porosities.
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weight percent H20

Figure 10. The effects of water (wt%) on melt viscosity over a range of temperatures for 
granitic liquids. If H2O and other volatile species become concentrated in the melt phase 
during crystallisation, then the viscosity can be significantly reduced (after Shaw, 1965).

reduced to values < ~0.2 the process can no longer operate. Furthermore, for a fixed 
porosity, a reduction in viscosity by one order of magnitude leads to a ten-fold increase in 
convection velocity. As a final point, it is interesting to compare the convective velocities 
calculated by Kerr and Tait (1986) for basic magmas, with those obtained in this study. The 
far higher melt viscosities in silicic systems at similar porosities inhibit convective velocities to 
less than one tenth of those in basic systems at similar porosities, even allowing for the 
compensating effects of a much larger density contrast between the melt and solid used in the 
above calculations.

8. Discussion
t

From the previous section it appears that both compaction and compositional convection are 
viable differentiation mechanisms over a porosity interval of 0.5-0.1. However, the 
effectiveness of both processes is critically dependent upon the viscosity of the interstitial 
melt phase during subsequent crystallisation. There is now much evidence to suggest that the 
viscosity of the interstitial liquid will decrease during crystallisation (figure 10), provided the 
melt phase contains abundant dissolved volatiles such as H2O, F, Cl and B (Burnham, 1963; 
Shaw, 1974; Dingwell and Mysen, 1985; Dingwell, 1987; Holtz and Johannes, 1991). Indeed, 
the presence of tourmaline (B) and fluorite (F) in the evolved rock types of some zoned 
plutons (Tindle and Pearce, 1981), is clear evidence that volatiles can be enriched in the 
interstitial liquid during crystallisation.

The effects of decreasing melt viscosity on the effectiveness (as a measure of x0) of both 
compaction and compositional convection as a function of porosity are shown in figure 11. 
Two hypothetical curves are drawn, one for a dry (volatile-free) melt that becomes
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= 107 and § = 0.3, the solutal Rayleigh number is subcritical, indicating that compositional 
convection will not occur. At melt viscosities of 108 and porosities of 0.1, x0 exceeds the 
cooling times of even the largest magma chambers.

However, the path taken by the wet melt is quite different. Here the compaction times are 
all below 3.5x104yrs, and at porosities of 0.1, the compaction time for a melt with a viscosity 
of 104 Pa s is reduced to ca 19000 years. Another effect of reduced viscosity is to keep the 
Ras > -40 until porosities drop to below ca 0.2 (shaded region in figure 10). These results 
imply that during crystallisation, decreasing melt viscosities enable both compaction and 
compositional convection to operate simultaneously over relatively high (> 0.2) porosities. 
However, porosity appears to exert a dominating influence on compositional convection, 
effectively shutting it off at values below 20%.

The relationship between compaction and compositional convection during the 
crystallisation of both dry and volatile-rich melts can be assessed by comparing the ratio of 
convective velocity (Vc) to compaction time (tq) for a range of porosities. Thus, the time 
taken for a dry melt to compact our 100 m thick layer at p = lO5 and § = 0.3 is 1.4X104 
years. The same parameters give a convective velocity of 40 mm/yr (figure 9). The ratio 
Vc/t0 is thus ~6, falling to ca 0.02 at |i = 107 and <f> = 0.1, For wet crystallisation Vc/x0 is 
about a factor of 10 higher. The changing compositional convection/compaction ratio 
(relative to high melt fraction boundary layer differentiation) is summarised schematically in 
figure 12 as a function of time. Both the wet and dry curves show that during the early stages 
of crystallisation, for a given value of p and <j), compositional convection will be the most 
effective differentiation mechanism. However, as crystallisation proceeds, the reduction in 
porosity leads to compaction becoming the dominant mechanism of differentiation within 
the crystal pile. The effectiveness of compaction at low melt fractions is discussed in the 
following section.

8.1. TEXTURAL DEVELOPMENT DURING POROUS MEDIA FLOW

The experimental studies of Kerr and Tait (1986) on basic systems has shown that at high 
porosities, vigorous compositional convection will rapidly remove the interstitial melt out of 
the porous media. However, at low permeabilities, the evolved melt may become trapped in 
regions of low porosity where it ultimately freezes in chemical isolation. The pegmatitic pods 
and irregular veins (not to be confused with pegmatite/aplite dykes) commonly found in 
granitoids may represent areas where dynamically unstable, volatile-rich melt has become 
frozen within impermeable regions of the crystallising magma. Such a process of 'trapping 
and freezing' of convecting or compacted melt due to anisotropic permeability relatively late 
in the crystallisation interval may explain some of the macroscopic (and microscopic) 
variations in texture and chemistry found in granitoid plutons (eg. Barriere, 1981; Sultan et 
al., 1985; Speer et al., 1989). Theoretically, the compaction process can continue to operate 
regardless of the boundary layer permeability if the melt forms an interconnected three- 
dimensional network. Beere (1975) has shown that such a network can be achieved, even at 
small (< 0.001) melt fractions, provided the dihedral angle, © where two grains and melt meet 
is < 60°. The geometry of the melt phase with respect to its crystalline matrix has been 
recently investigated in basic systems, where adcumulate rocks commonly show dihedral 
angles less than 60° (McKenzie, 1985; Hunter, 1987). Similarly, experimental work on dry 
granitic systems (Jurewicz and Watson, 1985) has revealed a range of dihedral angles
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Figure 12. Schematic assessment of the relative roles of compositional convection and 
compaction, expressed as the ratio Vc/x0 for the hypothetical anhydrous and volatile-rich 
melts shown in Fig. 11. Both processes are shown in relation to high melt fraction (<J»0.5) 
boundary layer differentiation. The changing ratio suggests that where porosities are still 
relatively high (0.5-0.2), compositional convection is the dominant process. As crystallisation 
proceeds (and porosity decreases to < 0.1), compaction processes become increasingly 
important in removing evolved fluid from the crystallising magma.

of 44 to 60°. However, it is extremely rare to find texturally equilibrated monominerallic 
granitoid rocks—the silicic counterparts of adcumulate rocks—in silicic plutons. The 
implication here is that compaction and compositional convection in silicic systems, although 
viable, are by no means as efficient in expelling melt as in basic magmas, even for © < 60°.

9. Conclusions

The aim of this study has been to determine under what boundary conditions the processes 
of compaction and compositional convection become effective in-situ differentiation 
mechanisms in granitoid magmas. The results show that in order for either process to operate 
to any significant extent within the cooling times of large silicic magma chambers, the 
viscosity of the evolved, interstitial melt must decrease during crystallisation. Calculations 
carried out over a porosity interval of 0.1-0.5 and at melt viscosities of 104-109Pa s suggest
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the main factors governing the effectiveness of both processes are: 1) The initial porosity, 2) 
the density contrast between the evolved melt and solid phase and 3) the viscosity of the 
interstitial melt. At porosities > 0.2, and melt viscosities < -lO^Pa s, compositional convection 
appears to be a potentially efficient differentiation mechanism. For both processes to operate 
over reasonable timescales, the required density contrast between melt and solid is ~ 10%. 
Calculated convective velocities are on the order of 400-4.0 mm/yr and Vc/t0 is ~ 6 for a 
crystallising layer 100 m thick. These velocities are sufficiently high to remove an evolved 
melt fraction of broadly granitic composition out of the layer over timescales of 250 to 
25000 years. At porosities < ~ 0.2, the interstitial melt is no longer able to convect, and 
compaction becomes the dominant mechanism for melt extraction. For a 'wet' melt viscosity 
of lO^a s, and a porosity of 0.1, the compaction time (fy) is 2.5X104 years. Under these 
conditions, incompatible elements such as U and Th can move through the viscously 
deforming matrix at between 60-70% of the melt velocity.

Finally, although both mechanisms complement, and may even provide an alternative to 
in-situ fractionation through boundary layer differentiation, textural evidence from granitiod 
rocks implies that compaction and compositional convection can only remove a finite 
amount of evolved interstitial fluid before the system 'locks up,' preventing further 
differentiation. The rate of solidification, and in particular the possible effects of 
impermeable regions within the crystallising magma acting as fluid traps may explain the 
locally heterogeneous nature of granitoid rocks.
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APPENDIX S,y™b°ls“d ^ues (u“d “ *“» study. @(Kcrr and Tail, 1986), *(Henderson, 
1982), ♦(Wickham, 1987), #(McKenzie, 1984).

d grain diameter lxl0"2m
c constant in eqn. (13) jgApd2/loj@ 0,03 m s'l
d depth (fluid thickness) of magma chamber m
D diffusivity of silicate melt$ 2xl0-1°m-
8 acceleration due to gravity 10 m s"2
h height of boundary layer 100 m
Kd distribution coefficient none
k specific permeability m2
Ra thermal Rayleigh number none
Rag solutal Rayleigh number none
Rep pore Reynolds number none
AT temperature difference over d* 10-100°C
t time s
WeAV transport velocity m s’1
a coefficient of thermal expansion* 5xl0'5 °C
8c compaction length m
kt thermal diffusivity* 10_6 m2 s’l
M- interstitial melt viscosity 104-109 Pa;
Ap density difference between solid and melt 300 kg m‘3
Pf density of melt 2400 kg m":
Ps density of solid 2700 kg m":
'Po scaled reference time for compaction s
♦ porosity 0.1-0.5
V kinematic viscosity M^Pm
£4/3+71 viscosity of compacting matrix# 1018Pas
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Atestract, Rates of meit segregation into fractures during fluid-absent partial melting above a 
mafic heat source are investigated numerically over a range of viscosities appropriate for 
tomaiitic-trondhjemitic melts. Static melt segregation is dependent upon large tensile stresses 
(>!Q MPa) set up during fluid-absent partial melting reactions that promote fracturing and vein 
formation in the region above the mafic intrusion. Porous flow of partial melt into veins and 
fractures (regions of reduced pressure) will occur provided the melt is less dense than the 
surrounding protoiith matrix. Where vein size is much less than compaction length, maximum 
vein filling rates are of the order of 2.5 m/yr. Melt segregation into veins and fractures is likely 
to be most effective near the intrusion-protolith interface, where high temperatures result in 
relatively low melt viscosities (<106 Pa s) and high porosities (melt fractions). For relatively 
low viscosity tonaiitic melts (~104 Pa s), extraction may occur at values below the critical melt 
fraction, provided the melt is everywhere interconnected. Larger veins may propagate upward 
as dikes to feed high level plutons. These conditions for melt extraction are considered likely in 
tectonic settings where lower (amphibolitic) crust is being partially melted by underplating of 
mantle derived basalt. The model does not require the existence of large magma chambers in 
the source region.

Imforoductiora

"...partial remeiting to a sufficient degree to produce 
batholithic quantities of magma must normally occur in very 
deep crustal or mantle environments which are rarely revealed 
by erosion, so that the processes of segregation and collection of 
granitoid magmas thus become matters for speculation" [Pitcher, 
1979, p. 643f.

Since these words were written, significant progress has been 
made in understanding melt segregation in the lithosphere. The 
governing equations that control rates of melt segregation and 
migration in the mantle are now firmly established, with melt 
viscosity, melt density, and permeability of the source region 
identified as major variables in the extraction process [e.g., 
Stolper et al. \9%\\ McKenzie, \9$A; Scott and Stevenson, 1986; 
Rite, 1987]. In contrast, the physics of melting and meit 
segregation in the continental crust have not been addressed in 
such rigorous terms, and current ideas on meit segregation are 
still based to a large extent on observational data from 
migmatite terranes. Read [1957] was among the first to suggest 
that migmatite zones in high-grade metamorphic terranes 
represent the "birth zones of granites" and in doing so helped 
shape the classical model for granite petrogenesis as the end 
product of ultrametamorphism. Here, the heat source for partial 
melting (and by definition the segregation mechanism) results 
from crustal thickening during orogensis with the metamorphic 
history characterized by clockwise P-T-t paths (see Brown, 
1994], The mechanism of meit segregation is closely linked to

Copyright 1995 by the American Geophysical Union.
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the orogenic process, with deformation playing an important role 
in not only generating melt indirectly through overthickening but 
also providing "space" for collection in the form of fractures.

Fracture-controlled melt segregation and extraction is clearly 
an important lithospheric process. There is abundant field 
evidence from both Alpine massifs and ophiolites and from 
mantle xenoliths that shows fracturing is common feature in 
mantle rocks [Nicolas. 1986; Nielson and Wilshire, 1993]. 
Recent models for two-phase flow in the mantle also stress the 
important role of fractures in melt segregation [Sleep, 1988; 
Spmce and Turcorte, 1990] and as a mechanism of transporting 
melt from deep levels (<100 km) through the mantle without 
significant chemical (diffusive) reequilibration with mantle wall 
rock [Hart, 1993], While the latter is not generally regarded as a 
problem in granite systems, the fractal tree model proposed 
recently by Hart (1993] may well be applicable to melting in the 
continental crust, where the transition from an intergranular 
melt network to a vein-fracture system in the source region is 
still poorly understood.

In this paper, a model of melt segregation is presented that 
considers both two-phass flow (compaction) and fracture 
mechanisms as complementary processes in controlling meit ex
traction in the continental crust. However, in contrast to classi
cal clockwise P-T-t thickening, the model presented here relates 
explicitly to the generation of trondhjemitic and calc-alkaline 
tonaiitic to granodioritic rocks produced during fluid-absent 
partial melting of lower crustal amphibolite, with mantle- 
derived basaltic magma as the heat source. This mechanism of 
granitoid formation is being recognized as increasingly 
important in Cordilleran and Andean-type settings where 
magmatic underplating of relatively mafic lower crust, possibly 
concurrent with lithospheric extension (i.e., counterclockwise P- 
T-t space) results in partial melting [Gromet and Silver, 1987;

AIR. 1S.7V5
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Bergana. 1989; Atherton. 1990, Atherton and Petford. 1993; 
Tepper et al. 1993], Complementary to this idea is that heat 
source and meit segregation and extracuon mechanism (as well 
as ascent and emplacement) are strongly coupled to tectonic 
environment [Bro*m, 1954],

Compaction: Does it Work in the Crust?
How useful is the concept of gravity-driven compaction when 

applied to meit segregation m the continental crust? From the 
analysis of McKenzie (1984), a layer of constant meit fraction 
against an impermeable surface will compact melt from within a 
boundary layer whose thickness is controlled by the compacuon 
length Sc

*«=Vw+4'W a)
where C and p are the matrix bulk and shear viscosities and k is 
the permeability. Compacuon appears to be an effective meit 
extracuon mechanism in the mantle where low dihedral ansies 
(<60*) and low viscosities (~M00 Pa s) of mafic and uitramafic 
melts favor interconnection of intergranular fluid [e.g., 
McKenzie. 1984; Toramaru and Fu/ii, 1986; Spiegeiman and 
McKenzie, 1987), although the realization that compaction 
lengths will, in general, be much smaller that the size of their 
source regions has led some workers [Ribe and Smooke, 1987; 
Scott and Stevenson, 1986) to neglect the term (for a discussion, 
see Spiegeiman (1993)). However, for an intergranular fluid of 
granitic composition (sensu-stncto), much higher melt 
viscosiues make compacuon on a large scale an unattractive 
mechanism for meit segregauon. Wickham (1987) has discussed 
this pomt m detail, noting that for typical granitic melt 
viscosiues, the compacuon tune required to expel a several 
kilometer thick melt layer (from e to 1/e) is of the order of 109 
years, 2 orders of magnitude greater than the duration of a 
metamorphic-anatecUc event characterized by clockwise P-T-t 
paths. Thus, from the analysis of Wickham, the compacuon of a 
thick (>1 km) layer of gramuc meit generated in a collision- 
related intracmstal heating event as a means of pluton formauon 
is clearly untenable. However, the traditional model of pluton 
formauon which leads on from this of convective 
homogemzauon of the partially melted source region followed 
by diapinc nse of the whole mass to higher crustal levels has 
recently been challenged as a viable mechanism for magma as
cent on thermal and mechanical grounds [Clemens and Mower 
1992; Petford et al., 1993).

In the conunents, rocks generally regarded as having formed 
below a cnticai meit fracuon (CMF) of approximately 0.35 
(where the cnticai meit percentage ranges from —35 to 50%) are 
regarded as low meit fracuon rocks (e.g., Arzi, 1978; van der 
Molen and Paterson, 1979; Wickham, 1987). Figure 1 shows 
varying estimates of the compacuon length ^ as a nincuon of 
gram size. Particle size is known to exen an important control 
on permeability, which scales with the square of the mean 
parucle dimension a, where (in general) AT « a2 and 4> is 
porosity. This reiauonship forms the basis of the widely nyd 
Carman-Koznev expression of permeability [Dullien, 1992) 
Table 1). For a gram size of 1.0 mm (considered typical of an 

average amphibolite), a 10% density contrast between meit and 
matrix. $ =0.1 and a meit viscosity of between 104 and 10° Pa s, 
gives a compacuon length of between -5 and 50 m (compare 50- 
1000 m as typical mantle values). However, by increasing the 
porosity (melt fracuon) to 50%, compaction lengths are

Ap - 300 kq

10-* 10*3 10- 

Grain size (m)
Figure 1. Compacuon length (Jc) as a function of gram size 
(a). Curves show estimated compaction length scales for melt

nt in6 on^ in4 Do <. ____1_______j.j _ _ r , „ .

The shaded region represents average amphibolite cram size. 
For a given gram size, compaction lengths are highest for low 
viscosity melts at high porosities.

increased by a factor of -20. For a meit viscosity of 104 Pa s and 
a porosity of 0.5, the compaction length scale is of the order of 
103 m, comparable with mantle estimates. Thus, nnriw favorable 
conditions of low meit viscosity and high porosity, compaction 
in the continental crust can lead to limited meit segregation 
[Petford, 1993). However, given the strong control of meit 
fracuon (porosity) on compaction length scales, it is prudent to 
consider the vexed question of where the heat needed for partial 
melting of the crust comes from. In the following sections 1 
argue that the effectiveness of compaction and vein/fracture 
formauon is strongly coupled to the heat source, composition 
and gram size of the source rocks.

Heat Source

Huppert and Sparks (1988) and Fountain et al. (1989) have 
modeled the effects of intruding mafic sills into fusible 
protoliths which help place constraints on possible compaction 
time and length scales in the continental crust Heat from the 
intrusion will rapidly produce a meit layer approximately 2/3 the 
thickness of the intrusion. For example, Huppert and Sparks 
(1988) estimated that a mafic sill 500 m thick would meit the 
overlying wall rock by 50%, forming a layer of silicic magma 
300 m thick in -200 years with a temperature of between 900 
and 950°C (e.g.. Figure 2). Fountain et al. (1989) concluded that 
segregation of silicic melt above a mafic heat source would only 
occur provided >20% melting of county rock occurred. Gravity- 
driven compaction and upward migration through melt-induced 
porosity would allow migrauon of several kilometers, and the 
production of a near-crystal free meit pool at some distance 
above the top of the intrusion. Neither Huppert and Sparks 
(1988) nor Fountain et al. (1989) considered meit transport 
away from the source in any detail, although Fountain et al. 
(1989) stress that some other mechanism (i.e., dyke-fracture 
ascent) is required to transport melt to higher crustal levels.

Source Rocks
Expenmental work has shown that amphibolite is a fertile 

source rock for tonalitic and trondhjemitic liquids (e.g., Helz, 
1973; Beard and Lofgren, 1989; Rushmer, 1991; Rapp et al.
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Table 1. Symbols and Values Used in Text

Symbol Meaning Units and Value

a mean gram dimension KTMo** m
$ porositv 0.1-0.5

M melt viscosity 104-106 Pas
Ap density difference

(melt-matnx) 300 kg m'^
k permeability

k = ^3a2/(l-^)2n m^

(<r+4/3p) matrix viscosity 1018Pas

Pr pressure reduction
around a vem MPa

c size of vein m
U melt velocity m s'*

1991]. The presence of amphibolitic material in the lower crust 
beneath continental arcs is indicated by geophysical data [e.g., 
James, 1971; Oliver, 1977; Mooney and Weaver, 1989] and is 
thought to be an important source rock for Cordilleran tonaiites 
and granodiorites [Huang and Wyllie, 1985; Tepper et al., 1993; 
Atherton and Petford, 1993]. During intrusion of mantle- 
derived basalt into the continental crust, both the primary heat 
content of the basalt melt and and heat released during 
crystallization will act to raise the temperature of crust to its 
melting pomt m the vicinity of the intrusion, as well as 
providing the required heat of fusion for melting to occur 
[Glazner and Ussier, 1986]. Under these conditions, rates of 
melt production m granitoid source regions are likely to be 
strongly non linear, with periods of rapid melting occumne over 
small temperature intervals [Vielzeuf and Holloway. 1988: 
Rushmer. 1991], At crustal temperatures of 850-950°C. 
comparable with those estimated by Huppet and Sparks (1988] 
in the vicinity of a malic intrusion, amphibolite will break down 
at 1 GPa according to the following general reaction

T INTRUSION

Hbl = Pig + Qtz + Opx + Cpx ± Gnt + melt (2)

where the melt fraction tbroadly tonaiitic to trondhjemitic in 
composition) is generally >0.2 [Clemens and Vielzeuf, 1987], 
Most iniDortamlv, melt viscosities are likely to oe relatively low. 
Table 2 shows predicted melt viscosities for selected natural and 
expenmentai tonaiites and trondhjemites. Values range from ~8 
x 103 to 8 x 105 Pa s, with a mean of ~3 x 105 Pa s. Also shown 
are estimated melt densities (2400-2600 kg m'3) that (from (2)) 
give density contrasts between melt and residue of 200-600 kg 
m'3. These differences will cause significant local pressure 
gradients between melt and residue that will act to drive melt 
out of the source region.

Vein and Fracture Formation

Extensionai veins and fractures in crustal protoliths can form 
either through regional differential stress (dynamic) or through 
volume changes associated with partial melting (static). While 
acknowledging that deformation may be an important melt 
segregation mechanism (e.g., Barr, 1985; Sawyer, 1991], the 
following treatment assumes static melting only. Local 
hydrostatic pressure gradients set up during dynamic extensionai 
fracturing m low melt-fraction rocks provide an effective wav of 
segregaung silicic melts (5/imv, 1980; Wickham. 1987],
However, this process has been dismissed as an effective wav of 
generaung piuton-sized granitic bodies by Wickham (1987], who 
considered it a local phenomenon applicable only to the 
formation of rmgmautes. This is mdeed the case where wet 
(fluid-present) melting of pelitic material gives nse to silica-rich 
minimum melts at low melt fractions. In this traditional view of 
migmatite formation, melt-filled fractures have become 
synonymous with melt trapped in fractures, the inference being 
that fractures are only of local significance m melt migration and 
that some other process (i.e., diapinsm) is required for melt 
(plus restitic solid) to be extracted in significant amounts to 
higher levels in the crust. A contrary view is taken here m 
which, for the specific case of partial melting above a malic 
intrusion, local fracturing and vem formation at melt-fractions 
between 10 and 50% play a crucial role m melt segregation and 
subsequent pluton formation.

TEMPERATURE.
VISCOSITYPOROSITY

LOW HIGH

Figure 2. Cartoon showing the proposed relationship between melt fraction (porosity), temperature and melt 
viscosity in a partially melted protolith above a convectmg malic heat source (intrusion). Heat is added through 
conduction. The formation ot a chilled root to the intrusion may prevent direct chemical exchange between 
marie magma and overlying partial melt. Partial melt viscosity increases m the protolith awav from the 
intrusion, while temperature and porosity decrease. Local compaction may also occur within the melt zone. 
Melt segregation and extraction will thus be most effective m the protolith closest to the upper contact with the 
intrusion.
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Table 2. Estimated Viscosities and Densities for Selected Natural 
and Experimental Tonalitic and Throndhjemitic Melts

Si02 Viscosity, Pa s Density kg m*1 Source

65.87 7.9 x 103 2450 1
63.83 5.1 x IQ4 2470 2
63.11 2.8 x 104 2520 3
70.4 8.0 x !0J 2400 4
72.4 4.7 x 105 2520 5
53.47* 6.0 x 103 2600 6
60.92T 2.8 x 10“ 2500 7

Calculated using the method of Shaw (1972] and Bottinga et al. 
[1983] for T = 950#C, 1.5 wt % HjO, crystal-free. Data (wt. % 
oxides) are from (1) Chilliwack batholith, British Columbia 
[Tepperet aL 1993]; (2) Raft Pluton, British Columbia [Brandon 
and Smith, 1994]; (3) Western Peninsula Ranges batholith 
[Gromet and Silver, 1987]; (4) Cordillera Blanca batholith, Peru 
[Atherton and Petford, 1993]; (5) tonaiite, Tholo plutonic series 
[Beard and Lofgren, 1989]\ (6) partial melt of alkali basalt 
[Rushmer, 1993) and (7) Liquid (glass) composition from 
amphibolite fluid-absent melting [Wolf and Wyllie, 1994]

•8 kbar.
TIOkbar.

It is now well known that fluid-absent partial melting of 
source rocks will create high pore fluid pressures due to the 
positive dKof melting (c.g., Clemens, 1984]. For example, the 
fluid-absent reaction

Phlog + 6Qtz - 3En + melt (3)

where melt = Or + 3Qtz + H20 gives a of 14 to 24 cm3
mol'1 of biotite at P = 500 MPa and T = 850°C [Clemens and 
Mower, 1992]. For a protolith with 10-40 wt % biotite and a 
density of 2600-2800 kg m 3, the volume change on melting 
ranges from +2.4 to +18%, which translates to a tensile stress of 
10-100 MPa. Fluid-absent melting reactions involving the 
breakdown ot amphibole (2) will generate similarly large tensile 
stresses. As most (dry) rocks fail under tensile stresses of the 
order of 10 MPa [Etheridge, 1983], fluid-absent melting 
reactions driven by a mafic heat source (assuming the presence 
of partial melt does not surpress tensile failure at the grain 
scale) should provide ample conditions for vein formation and 
fracturing to occur in the overlying protolith.

Melt Segregation Into Veins
We are now in a position to consider vein formation in a 

mushy region above a mafic heat source in a way analogous to 
vein growth beneath ridges, with the required permeability a 
function of partial melting. For veins to fill by porous flow, a 
pressure gradient must exist to drive the flow of melt relative to 
its surrounding matrix [Stolper et at., 1981], During compaction, 
the pressure gradient is the density difference between melt and 
matrix (Apg). For a 10% density contrast, the pressure gradient 
is —3 x IQ'3 MPa (compare large tensile stresses ngg/v-jatH 
with fluid-absent partial melting), sufficient to allow flow into

veins as long as pressure gradients in the vicinity of the vein are 
comparable with Ap [Sleep, 1988]. For small veins. Sleep [1988] 
gives an expression for the pressure reduction around a spherical 
cavity (as a simple approximation for a crack) as

Pr = ~n\P exp(-(r ~r0)ISc\lr, (4)

where rQ is the radius of the sphere and r is the radial distance. 
For a viscous material (i.e., strain rate « stress), the vein growth 
rale &>/&. for a vein of size c is given as

However, a most important consideration is the height of the 
vein with respect to its compacpon length. For veins that are 
much smaller than 6C, compaction itself becomes and
flow rate into the vein is governed only by matrix permeability, 
melt viscosity and the pressure difference [e.g.. Sleep, 1988]! 
Thus, for small (about meter-sized) veins, situated in a partially 
molten zone above a mafic intrusion, local factors such as grain 
size will play an important role in controlling the local 
permeability [Petford, 1994], and hence melt flow rate, m the 
vicinity of the opening vein. As a simple example, consider the 
case of a single, isolated vein where c «SC. This mmtitinn is 
met for a 1 m sized vein with a surrounding mejt viscosity of 
<10* Pa s and a local porosity of 10% or more (Figure 1). By 
ignoring the compaction length scale in (5), the flow velocity 
into the vein (U) and hence the rate of vein filling (cb/dt) can be 
estimated from a modified form of Darcy's law

Simple estimates of vein filling rates are shown in Figure 3 for 
varying melt viscosities (10M04 Pa s) as a function of porosity 
at a fixed gram size of 1 mm. Rates are highest where melt 
viscosity is low and porosity high. For example, a melt with a 
viscosity of 106 Pa s gives a minimum vein filling rate of-2.5 x 
10-* m/yr at 10% porosity. However, by mcr(»_a<«ng the porosity 
to 50%, cb/& increases to about 1 mm/yr. For tonalitic melts {ji 
~1Q4 Pa s, Table 2) vein opening rates vary from -0.2 mm/yr at 
<t> — 0.1 to —10 cm/yr at $ = 0.5 (Figure 3). Grain size exerts a 
strong control on vein filling rates through changes in the 
permeability of the source region. The effects of increasing grain 
size are shown in Figure 4, where vein filling rates are «ttimHt#»d 
for grain sizes of I, 3, and 5 mm as a function of porosity. 
Maximum estimated vein filling rates occur at high porosities 
and large grain sizes. For example, in a protolith with 50% melt 
and a mean grain size of 5 mm, vein filling rates are of the order 
of 2,5 m/yr. For an average amphibolite grain size of 1 mm, vein 
opening rates slow to —10 cm/yr and decrease with decreasing 
porosity. Similar order of magnitude results (17 hours to -130 
years) were obtained by Clemens and Mower [1992] for melt 
flowing 1 m into an open fracture. The above results suggest that 
flow and filling of veins will be highest in the region of 
maximum porosity closest to the heat source (Figures 2 and 5), 
where high temperatures (850-950°C [Huppert and Sparks. 
1988]) keep melt viscosities to a minimum la peridotitic 
(mantle) systems where melting is accompanied by deformation, 
melt spreads out along grain boundaries »n<l acts to enhan^
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Ap = 300 ko m

Vein filling rate (m/yr)

Figure 3. Plot of vein filling rate as a function of porosity for 
varying melt viscosities, shown in Pa s. Vein opening rates are 
greatest where meit viscosity is low and/or porosity high. This 
condition is likely to be met m the vicinity of the contact 
between the heat source and overlying crustal protolith (see 
Figure 2). A vertical element is implied by upwards decreasing 
porosity. Grain size and density contrast are held constant.

gram boundary migration, leading to a coarsening of the 
aggregate (H. Green, personal communication, 1994). Althoueh 
no active deformation is implied here, coarsening of the 
protolith gram size does provide an effective way of increasing 
permeability and hence meit extraction.

Once sufficient low-density melt has accumulated in a large 
vein, density-induced body forces will tend to drive the meit 
upward, out of the source region as a propagating dike. When 
sufficient melt has been extracted, (i.e., vem pressure has fallen 
below some critical value) the vem or fracture will close. As 
discussed by Sleep [1988], the process of vem and fracture 
filling by porous llow. and subsequent closure by draining, is 
likely to be cyclic (Figure 5). In the lower crust, cyclicity of meit 
formation and extraction would be triggered bv repeated 
intrusion of mafic sills into the source region. Huppen and 
Sparks [1988] considered the repeated input of basalt into the 
lower crust an effective way of generatmg compositional zoning 
in large silicic volcanic complexes. In a similar wav, repeated 
(cyclic) melting and meit extraction events may help explain 
observed compositional vanations in silicic plutonic rocks. Some 
possible consequences of senai heating of source rocks relating 
to melt segregation and ascent are discussed in more detail 
below.

Discussion
Low Melt Fractions and the CMF

Low melt fraction rocks m the continental crust are 
considered by many authors unlikely to escape their source 
regions until melting reaches approximately 40% [Brown, 1994, 
and references theremi. However. Clemens and Vielzeuf [\9%T\ 
have argued that some granite piutons represent less than 20% 
partial meiung of quanzofeldspathic sources, while recent 
chemical models for mcongruent ( fluid-absent) melting reacuons 
involving muscovite invoke meit fractions of ~0.1 [Hams and 
Inger, 1992]. A CMF is also at odds with chemical and REE

model mg of some Cordilleran granitoids and volcanic rocks, 
which generailv predict melt fractions (F in the batch melting 
equations) £ 0.35. To paraphrase •Srown [1994], something other 
than the CMF must control meit extraction. In the absence of 
differential stresses (wetting angles will have little effect if the 
matrix is being sheared), the "control" may well be the geometry 
of the partial meit itself. In the mantle, low dihedral angles 
between meit and matrix (<60°) mean that meit is 
interconnected at melt fracuons <0.1 [McKenzie, 1984; Hunter, 
1987], Dihedral angles m partially molten gramtic systems are 
also <60° [Jurewicz and Watson, 1985], but with the 
high viscosity of granitic melts compared to basaltic melts 
generally considered a prohibiting factor m the extraction of low 
melt (i.e., pre-CMF) fracuons in the crust. However, recent 
experimental work by Wolf and Wyllie [1991] on partially 
molten amphibolites (T = 875°C) found that melt volumes as 
low as 2% were interconnected. In these experiments, meit 
occurred in pockets and was apparently influenced more by 
homblende-plagioclase locaUons than dihedral angle. Such 
observauons imply that, along with gram size, source 
mineralogy may well be an important factor m determining meit 
mterconnecuvity and thus the permeability of the system. 
Furthermore, if melting rates are sufficiently high as to allow 
overstepping of the solidus temperature of the protolith, meit 
pockets may form into fractures long before textural 
eqmiibraUon is reached [Ruble and Brearley, 1990]. In thw 
circumstances, and from the results presented earlier, the 
concept of a critical meit fracUon may be meaningless, as meit 
extraction via melt pockets mto coalescing fractures would act to 
"short-circuit" the rheological barrier represented by the CMF.

Ascent

The ability of meit in veins and fractures to escape their 
source region is crucial if melts are to nse to higher crustal 
levels, instead of being trapped at source as "migmautes". For 
reasonable density contrasts between meit and wall rock (Ap = 
200-400 kg m'3) and transport distances of 20-30 km. the critical 
minimum widths of granitoid dykes without control by

p= 104 Pa s
Ap = 300 kg nY

1 mm 3 mm 5 mm

0 12 3
Vein filling rate (m/yr)

Figure 4. Plot of vem opening rate as a hmcuon of porositv for 
a fixed meit viscosuv of 104 Pa s and increasing gram size of 1, 
3. and 5 mm. Coarsening introduces higher permeabilities and 
higher resultant tilling rates. At porosities >0.35, veins will fill 
with meit at rates of ~10 cm to ~2.5 m/yr depending upon gram 
size. Vertical element implied as m Figure 3.
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Figure 5. Schematic representation of a possible sequence of events (1-4) resulting from fluid-absent melting 
reactions in a protolith above a mafic (intrusive) heat source. Veins fill by porous flow, with some local 
compaction. Once sufficient meit has accumulated in a vein, draining and dike propagation may occur. 
Repeated intrusion of mafic material would result m cycles of vein formation, filling, and draining Chemical 
interaction between mafic magma and resultant partial meit is minimal.

solidification is of the order of 2-20 m (Petford et ai., 1993, 
1994], Thus veins do not have to be of great width in order for 
melts to leave their source region and travel long distances. 
Melts may nse along preexisting faults or fractures or mierate 
vertically as seif-propagaung fractures in a way proposed 
recentiv by Clemens and Mower (1992]. Flow will continue until 
the available meit in the source region has been drained, with 
the rate-limiting step for magma transport the availability of 
meit at source, itself a function of available latent heat of fusion. 
A similar conclusion was reached by Clemens and Mower 
[1992], who considered the rate limiting step to be thermal 
diflusion from the heat source (m this case malic intrusion). 
Thus, under conditions where melting m the source is thermally 
triggered by repeated intrusion of mafic material, granitoid 
plutons may be formed piecemeal from relatively small volumes 
of partial meit that ascend the crust m pulses [e.g., Pitcher 
1979],

One way to visualize the macroscopic behavior of the source 
region during partial melting that combmes fiuctuatme meit 
fraction with rapid extraction and ascent of magma pulses is to 
consider the response of systems which involve catastrophic 
’jumps [Zeeman, 1976; Henley, 1976]. These systems pan be 
described simply using the elementary cusp catastrophe model 
shown qualitativelv m Figure 6. Here, the mam control variables 
are heat and meit fraction, with rate of melt segregation as the 
response variable. As heat is put mto the system, melt fraction 
increases and promotes the formation of fractures. At some 
critical point, enough fractures combine that removal of the 
unstable meit upwards occurs m a rapid or "catastrophic" jump 
(path ABCD). The removal of a batch of meit m this wav leads 
to a second jump (EB) back to low melt fractions m the source. 
The system mav then undergo a period of relative quiescence 
-intil there is suificient meit collected m veins for anotner 
removal event to occur.

Chemical Considerations

Veins and fractures will tap relatively small regions within 
the protolith and are thus likely to contain melts that are 
chemically heterogeneous. Furthermore, if meit extraction is 
sufficiently rapid, there is a strong likelihood that meit batches 
will not be in chemical equilibrium with slowly diffusing trace 
elements m the source region. Sawyer (1991] provides evidence 
for disequilibrium (dynamic) melting m migmatites but argues 
ihat for large, isotopicaily homegenous plutons, higher meitina 
temperatures (and correspondingly higher melt fractions) in the 
source region require individual melt batches to have chemically 
equilibrated pnor to segregation. Although this may indeed be 
the case for major elements, there is still the possibility that 
certain trace elements may not equilibrate fully during rapid 
meit extraction.

More radically, the ability of melt to escape (perhaps 
catastrophically) from its source region through veining and 
subsequent fracture propagation at meit fractions below the 
CMF is at odds with the existence of large, granitoid magma 
chambers at the base of the continental crust. .Similar 
conclusions have been reached for the mantle beneath ridges, 
where the concept of an mverted omon-shaped magma chamber 
extending along the ndge axis has been replaced by the more 
subtle concept of a mushy zone (e.g., Bergana and Barboza, 
1994], In the physical model presented here of rapid meit 
extraction followed by ascent of relatively small magma batches 
at rates orders of magnitude faster than chemical diffusion, the 
only significant magma reservoir will exist at the level of 
emplacement, provided that is that space can be made fast 
enough in the upper crust to accommodate the ascending magma 
batches. Small batches of meit coalescing during emplacement 
should lead initially to local compositional variations. Althougn 
some plutons do show evidence for chemical and isotopic
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Figure 6. Qualitative cartoon showing how sudden changes in the source region triggered by the steady influx 
of heat and associated increase in melt fraction and vein/ffacture formation (path A-B) may lead to rapid 
(catastrophic) removal of unstable melt from the system represented by the jump C-D. Return to low melt 
fractions is marked by the path E-B. A protolith responding in this way to periodic influxes of heat is likely to 
result in the cyclic production of magma batches, separated by penods of relative quiescence. Assembly by 
magma pulsing is a characteristic feature of many large batholiths [after Henley, 1976],

inhomogenety (e.g., Manasiu leucogramte [Deniel et al. 1987] 
Lemster gramte [Mohr, 1991], and the Cordillera Blanca 
bathoiith [Petford et al., 1995]), many do not, at least on the 
current scale of sampling. Miller et al. [1988] suggested that 
large, isotopically homogeneous T-type batholiths occur in 
regions of high thermal gradient, reflecting extensive crustal 
melting associated with the intrusion of mantle derived magmas 
as already discussed here. However, the apparent isotopic and 
major element homogenety of such intrusions mav have much to 
do with both the degree and density of sampling and the 
composition of the source region (which, although unlikely, may 
be in some cases uniform) and need not reflect, from necessity, 
an origin through equilibrium melting as the pluton may have 
crystallized from disequilibrium melts that have homogenized 
during emplacement. As pointed out by Carmichael et al [1974], 
the fact that an igneous rock appears to be equilibrated 
internally is not m itself proof that its magmatic evolution 
involved equilibrium processes.

As deep magma reservoirs are prerequisite for melting 
assimilation, storage and homogenisation (MASH) and 
combined assimilation and fractional crystallisation (AFC) 
chemical processes [e.g., Hildreth and Moorbath, 1988], it is 
important to develop models that couple the thermal aspects of 
crustal melting with physical models of melt segregation. The 
use of elemental and isotopic tracers, particularly in accessory 
phases, may offer a powerful means of constraining the timing 
and rates of disequilibrium partial melting (if indeed it occurs) 
in the continental crust (e.g., Cherniak and Ryerson, 1993], and 
of their subsequent ascent [Brandon et al., 1994], For example, 
accessory phases with appropriate distribution coefficients m the 
wailrock of a vem exposed to meit are iikelv to be extremeiv 
sensitive to cycles of vem opening and draining, with each meit 
collection and extracuon event leaving behind its own chemical

and isotopic signature. Detailed isotopic studies of accessory 
phases m granitoid intrusions identified as restitic may thus 
provide a means of combining physical models of melt 
extraction with chemical models for granitoid petrogenesis.

Summary
Relatively small columns (<1 km) of partial melt formed by 

fluid-absent melting of amphibolitic source rocks above mafic 
intrusions generate local high tensile stresses that lead to 
fracturing. Where fractures and veins (regions of relatively low 
pressure) are small compared to compaction lengths, they may 
be filled rapidly by local porous flow of gravitationally unstable 
melt, analogous to the tapping of melt by veins beneath ridges. 
In this model, both the heat source and melting reactions in the 
protolith are different from those commonly associated with 
nugmatite formauon m politic rocks. Fractures are filled by meit 
driven by pressure gradients set up by the density difference 
between meit and matrix, with the required permeability in the 
source region a direct consequence of partial melting Filling of 
veins and fractures by local porous flow is strongly dependent on 
melt viscosity, with porosity and gram size important 
contributing factors. For melts of tonaiite-trondhjemite 
compositions, maximum vem filling rates are ~2.5 m/yr for a 
gram size of 5 mm and a porosity of 50%.

Providing sufficient density contrast is maintained between 
meit and matrix, veins may coalesce and propagate upward as 
granitic dikes. Repeated influx of magma mto the source region 
may result in (catastrophic) magma pulsing where the rate 
limiting step for melt generation is thermal diffusivity. Rapid 
and efficient removal of meit m this wav is likely to prevent the 
formauon of large, long-lived crustal magma chambers m the 
source region.
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Abstract—Volume expansion (~l-5% volume strain with AK^uing positive) and fluid-absent partial melting, 
in which AEmeUing is positive, of continental crust by intruding basaltic magma is a strongly irreversible pro
cess involving the dissipation of both thermal energy and matter (partial melt). Using a simple random graph 
model we show by analogy how isolated fractures that form during rapid thermal perturbation in the source 
region can combine to form a single, interconnected structure with high permeability. Once connected, the 
fracture network may be thought of as a single structure or pattern that will remain stable so long as a strong 
temperature gradient is maintained in the source region. Estimates of fracture permeability that take into 
account changes in connectivity and fracture spacing range from approximately KT10 to lO-5 nr, many orders 
of magnitude greater than values considered typical during large-scale crustal deformation and prograde re
gional metamorphism. The ability of the isotropic fracture network to develop a top-bottom directionality is 
crucial for buoyancy-driven melt transport. A physical model based on non-linear evolution rules during ther
mal expansion is given that predicts the emergence of directionality (vertical fracture alignment) on a time 
scale of the order of 105 y. The necessary ingredients are a deviatoric strain path, a heterogeneous medium 
and a stiffness that evolves as a function of the local strain. © 1998 Elsevier Science Ltd. All rights reserved

INTRODUCTION

Ductile rocks exceed their elastic limit if changes in 
volume take place faster than deformational strain can 
be accommodated by creep (e.g. Shaw, 1980). Tensile 
failure resulting initially from sudden volume changes 
and/or melt-enhanced embrittlement (Rutter and 
Neumann, 1995) will be especially effective where par
tial melting is fast, as is generally the case during 
intrusion of mafic magmas into easily fusible crustal 
rocks (Huppert and Sparks, 1988), Rapid thermal per
turbation and partial melting of the continental crust 
by intruding mantle-derived magmas is a non-revers- 
ible process, characterised by large thermal and rheolo
gical gradients over small length scales (Bergantz, 
1989; Petford, 1995). Volume changes in the crustal 
source region during underplating/intraplating of 
basaltic magma occur as a result of both thermal 
expansion and partial melting. It has long been known 
that the presence of an interstitial fluid phase in crustal 
rocks can lead to a dramatic reduction in rock strength 
(e.g. Hubbert and Rubey, 1959), and that for fluid 
pressures approaching the total confining (lithostatic) 
pressure, failure will take place in a brittle manner. 
Where partial melting occurs in the absence of a free 
fluid-phase (fluid-absent melting), positive volume 
changes of ca. 2-20% may also lead to enhanced local 
fracturing of the protolith (e.g. Clemens and Mawer, 
1992; Petford, 1995; Connolly et al, 1997).

These processes have important bearing on the long
standing problem of how granitic partial melt segre
gates from its matrix. Whilst the majority of field evi
dence suggests that this process occurs primarily by

fracturing of the protolith (Brown, 1994), opinion is 
divided as to whether the fractures form predomi
nantly during regional deformation contemporaneous 
with partial melting (e.g. Brown et al, 1995; Collins 
and Sawyer, 1996), or locally in direct response to the 
partial melting process (Petford, 1995).

In this paper we argue that during the initial stages of 
heating and partial melting, the crustal protolith is dri
ven far from thermal and mechanical equilibrium with 
respect to its immediate surroundings—to the extent 
that structures emergent within it (e.g. fractures) will 
self-organise. The fracture network forms because of 
volume changes as the protolith overlying the intrusion 
is heated up and expands under high effective stress. As 
the protolith is driven further from thermal equilibrium, 
fractures grow and eventually link up as the protolith 
attempts to lose (dissipate) thermal energy. At this 
point, the fracture network can be considered a single, 
interconnected, more or less coherent structure or pat
tern. Using a simple random graph model to simulate 
fracture formation in homogeneous, partially molten 
crust, we show by analogy how the architecture (connec
tivity and permeability) of the system can evolve into a 
discrete, structured conformation with a high degree of 
fracture connectivity—a crucial step in allowing melt to 
segregate effectively from its matrix. A general fracture 
permeability model that incorporates connectivity is 
then used to derive general estimates of local per
meability in the region of partial melting.

The difficulty with self-organisation theory is that 
the evolution rules of the system have to be supplied 
phenomenologically and are not part of the conceptual 
framework of the theory itself. The underlying physical
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mechanisms are thus not addressed, only the outcome 
of assumed process parameters can be calculated. This 
is addressed by putting forward a physical model 
(Koenders, 1997) in which the rock is regarded as a 
heterogeneous medium where a fluctuational stiffness 
field is introduced to mimic the fractured protolith. 
The protolith then undergoes an evolution based on 
the isotropic strain increment, with the condition that 
as the rock expands in a certain location, the stiffness 
will be reduced and if the rock becomes more dense 
the Young’s modulus will increase. A calculus based 
on the mechanical equilibrium equations relevant to 
quasi-static mechanics can describe the distribution of 
strain throughout the protolith during heating. The 
physical model predicts the development of coherent 
directional structures (fractures) analogous to the self
organisation in the connectivity model. Thus a link is 
made between the discrete approach, which cannot 
make use of mechanical laws (but which has the virtue 
of simple visualisation) and a consistent physical mech
anism for the evolution of fracture connectivity based 
on continuum mechanics.

SELF ORGANISATION

Self-organisation appears to be a fundamental aspect 
of all natural systems driven far from equilibrium by a 
constant energy flux. Geometrically ordered structures 
such as layering and pattern formation arise spon
taneously (e.g. Nicolis, 1977; Coveney and Highfield, 
1995; Bak, 1997) and are governed by apparently 
simple, low-level rules (e.g. Kauffman, 1995). The driv
ing force for self-organisation in natural systems is the 
dissipation of energy and matter (Prigogine, 1980).

Given that the majority of physical (and biological) 
processes take place out of equilibrium, self-organis
ation seems likely in all non-linear dynamic systems at 
some stage during their life-time (Xi et al., 1993). A 
familiar geophysical example is the hexagonal arrange
ment of convection cells (Rayleigh-Benard convection) 
that develop in thermally perturbed fluids 
(Bodenschatz et al, 1991). Other examples of self-or
ganisation in the solid earth, which, together with self
similarity and l/f noise are referred to generically as 
self-organised criticality (Bak et al., 1988), include 
fault and fracture populations (Turcotte, 1992), earth
quakes (Ito and Matsuzaki, 1990), sand piles and ava
lanches (Freete et al., 1996), ice sheets (Payne and 
Dongelmans, 1997), turbidite deposits (Rothman et al., 
1994), river drainage (Rinaldo et al., 1993) and evol
utionary fluctuations in the fossil record (Sole et al., 
1997).

An important non-linear process, which has direct 
relevance to this study, is percolation. The theory of 
percolation defines certain critical thresholds or points 
that mark sudden phase transitions (e.g. Stauffer, 
1985). A good example occurs in cement slurries,

where at some critical concentration, isolated clusters 
of suspended particles join up to form an intercon
nected solid that spans the entire system. In the follow
ing section we expand on this theme and show by 
analogy how a highly connected, self ordered (fracture) 
network might develop gradually from an initially ran
dom set of nodes and lines in accord with simple rules 
common to many non-linear systems.

CONNECTIVITY MODEL

Figure 1 is a two dimensional graphical simulation 
showing how a simple fracture network might, in prin
ciple, evolve in partially melted crust. It is based on a 
random graph model (Kauffman, 1995), and consists 
of a set of 100 random dots (nodes) connected by 
lines. Consider that any two nodes in Fig. 1(a) mark a 
fracture tip, with a single fracture represented by a line 
in between. By simply joining up the dots at random, 
it is possible to ‘evolve’ the simulated fracture system 
through increasing levels of connectivity. The changing 
connectivity (/) is defined by the ratio of connected to 
unconnected nodes (c/n) over the interval 0 </< 1.

Coupled to increasing connectivity is the number of 
largest interlinked clusters of lines (A). At low connec
tivities N is small, but becomes large as connectivity 
increases. The transition between unconnected (iso
lated) and highly connected nodes occurs over a rela
tively small range in connectivity, often close to a c/n 
ratio of 0.5, and is a fundamental property of all ran
dom graphs (Kauffman, 1995). Taking Fig. 1 as an 
example, at 25% (c/n = 0.25) connectivity, the largest 
cluster {N) is two. However, at 50% connectivity (c/ 
n = 0.50), the largest simulated cluster of fractures has 
jumped to 12 (Fig. 1c). At 75% connectivity however, 
the largest cluster has grown by only two to 14 
(Fig. Id).

The change in cluster size (A/) with increasing con
nectivity (c/n) is shown in Fig. 2. As expected, the 
curve is sigmoidal, showing low cluster growth at low 
values of connectivity (0 </< 0.2), increasing rapidly 
through a transition region (/*= 0.3-0.6) and stabilis
ing at />0.6. At connectivities in excess of 60%, the 
majority of nodes and lines are in communication with 
one another. The network is in effect a single structure, 
or ‘supercluster’ (Kauffman, 1995). Applying this 
model to the crust, we can predict that connectivity, 
and hence the efficiency of melt segregation, will 
increase dramatically across the transition region to a 
maximum when the fracture system forms a superclus
ter. The transition region, defined as the steepest part 
of the curve, is characteristic of non-linear systems 
that display avalanche-like behaviour.

In the following section we show how the degree of 
(imaginary) self-organised connectivity can be related 
directly to the evolution of fracture permeability in 
real world systems.
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Fig. 1. Random graph model showing the evolution of an initially random configuration of 100 nodes for an imaginary 
fracture network that forms during progressive crustal melting, (a) Unconnectedr (b) Twenty-five nodes connected^ con
nectivity ratio (c/n) = / = 0.25. Largest connected cluster (N) = 2. (c) Connectivity ratio = 6.5, largest connected cluster 

(AO = 12. (d). Connectivity ratio 0.75, largest cluster (N) = 14.

CONNECTIVITY-PERMEABILITY MODEL

The development of fracture permeability is a crucial 
process that controls both the degree of melt segre
gation and subsequent large-scale transport of granitic

melt out of the source region. Accurate modelling of 
this process requires an understanding of both the 
macroscopic properties of the protolith matrix (e.g. 
grain size, porosity, fracture aspect ratio and fracture 
spacing) and the amount and physical properties

n=100
12-

3 10-

connected
'supercluster*unconnected transitional

f ( ratio ) n
Fig. 2. Plot showing the degree of connectivity, expressed as the largest individual cluster (AO. as a function of connec
tivity ratio (/) for the random graphs shown in Fig. 1. The S-shaped curve is typical of avalanche dynamics in non-equili
brium systems. The gradient of the curve in the transition region depends upon the number of nodes, and will steepen as 
this number increases. N increases rapidly at 30% connectivity, stabilising at around / = 0.6. At f<, 0.3, most nodes 

remain unconnected. At0.6, the majority of nodes are linked together into a coherent structure.
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(viscosity and density) of the partial granitic melt (see 
Brown et al., 1995).

Melt viscosity and matrix permeability limit the flux 
of melt out of the source region. Given that rates of 
fluid flow through a continuous medium of fixed per
meability vary with the inverse of fluid viscosity (e.g. 
Dullien. 1979), a high degree of permeability is advan
tageous during segregation of relatively viscous (103- 
lO6 Pa s) granitic melts (Petford. 1995). The physical 
evolution of partial melt with regards to its solid 
matrix may usefully be thought of as a process of 
ripening. A melt will be ‘ripe' (e.g. lowest possible vis
cosity and maximum gravitational instability), when its 
viscosity and density are such that its ability to escape 
its surroundings is maximised. However, no matter 
how ripe the melt phase, extraction will not occur 
unless the matrix is sufficiently permeable. It is stressed 
that it is fracture connectivity, not simply the existence 
of fractures that largely controls the fate of crustal 
melts through increased permeability in the source 
region. Using percolation theory, Stauffer (1985) and 
Dienes (1982) have shown that connectivity (defined 
statistically as the probability of fracture intersection) 
exerts a fundamental control on permeability. These 
(and many other) percolation models share a common 
feature referred to as the percolation threshold, charac
terised by a sudden increase in permeability over a 
narrow range in connectivity. Similar behaviour is seen 
in the random graph model above, where a narrow 
transition region separates isolated and highly con
nected fractures.

A useful way to assess the relationship between 
increasing connectivity (/) and permeability (k) is given 
by Gueguen and Dienes (1989) as:

k = ^A'nocsf (1)

where A is the fracture aspect ratio, /i0 the fracture 
number density l//3 (where / is the fracture spacing), 
and c is the fracture length. By taking / (number of 
connected fractures) in equation (1) as equivalent to 
the ratio cjn in Fig. 2, we can make some assessment 
of the sensitivity of / on fracture permeability in a 
hypothetical source region. By way of example, the 
change in permeability in a fracture system with an 
arbitrary mean spacing of 0.1 m and 0.5 m, and fixed 
aspect ratio of 0.1 is shown in Fig. 3. As a general 
point, it is worth noting that permeabilities of from ca. 
10-1H to 10-5 m2 estimated this way are up to 14 
orders of magnitude greater than those thought to 
accompany regional metamorphism (e.g. from 10-18 to 
lO-20 m2; Yardley, 1986).

PHYSICAL MODEL

The physical model differs from the self-organised 
connectivity model above in that the protolith is now

/= 0.1m

transition

l- 0 5m

Connectivity (f)

Fig. 3. Plot of log fracture permeability (k) as a function of connec
tivity (/) for a two-dimensional isotropic fracture network with a 
mean fracture spacing of 10 and 50 cm and a constant fracture 
aspect ratio of 0.1. The curve predicts a constant increase in per
meability from ~8 x 10-7 m2 at / = 0.1 to a maximum of ~8 x 10-6 
m2 at / = 1 (/ = 0.1 m) and ~7 x 10-9 to 7 x 10-8 m2 (/ = 0.5 m). 
The transition region relates to the sharp increase in fracture connec

tivity shown in Fig. 2.

treated as a heterogeneous medium with a fluctuating 
position dependent stiffness. As the protolith under
goes a strain increment during thermal expansion, the 
associated deformation will also be position dependent. 
‘Stiff bits in the medium will generally deform less 
than ‘soft’ bits (a good approximation to the mechan
ical behaviour of real rocks), with the stiffer elements 
attracting more stress. If there is a change in the mech
anical properties of the protolith associated with the 
local (thermally induced) strain, then the stiff regions 
will undergo a smaller change than the softer areas. 
The result is that the stiffer parts of the material will 
become relatively more stiff, while the soft parts will 
become relatively more soft. In addition there are so- 
called non-local effects so that the region in the vicin
ity of a soft spot will attract deformation to ameliorate 
the softness, while the opposite occurs for a stiffer por
tion.

These effects, first captured in a mode of calculus 
introduced by Kroner (1967), have been modified by 
Koenders (1997) to take into account strain increments 
for simple evolution rules. Evolution—defined here as 
a change in a system parameter (e.g. stiffness) in re
sponse to a change in a state parameter (e.g. volume 
strain)—results in an effect called ‘structures for
mation’ where, statistically speaking, both the stiff and 
soft areas align themselves as overall deformation goes 
on, to form coherent spatial structures. These struc
tures are ubiquitous, and arise spontaneously in any 
system where evolution (i.e. non-linearity, for example 
plasticity) and heterogeneity occur together, and have 
particular relevance to granular materials. The
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structures form gradually, much like a diffusive pro
cess, in which the pattern of heterogeneity can be cap
tured in a differential equation and solved (e.g. 
Koenders, 1997).

The physical model takes a continuum approach, 
which has the advantage that mechanical equilibrium 
equations are easily written down. The disadvantage is 
that, unlike the discrete, self-organised connectivity 
model discussed earlier, there is no simple, direct way 
of showing how these continuum structures acquire 
their directionality. In order to bridge the gap between 
these two approaches a visualisation of the continuum 
method is put forward here based on the statistical 
quantities with which the continuum theory naturally 
works. These statistical quantities need to be defined 
rather carefully.

Statistical measures

The distribution of any fluctuating quantity q(x) can 
be described by its correlation function <P(y). The defi
nition of this function involves summing over all pro
ducts of the value of q(x) taken at two different points 
and doing this for all points in the interval on which 
<7(.v) is defined. Instead of a sum an integral may be 
taken, thus:

*1

^(v) =---- ----- [ q(x)q(x + y)d.v (2)
*i — *0 J

•Vo

Any systematic pattern in the fluctuating quantity is 
evident in the correlation function, but purely random 
effects are suppressed. Any periodic pattern becomes 
visible as a sinusoidal effect with the wavelength of the 
oscillating pattern corresponding to the statistical 
periodicity in the noise represented by q(x). When it 
comes to periodic patterns it is easier to represent the 
content of q(x) by the Fourier transform of <P(y) in a 
quantity known as the harmonic intensity Sq(k), where 
k is the wave number variable. A peak in Sqffc) at, say, 
k0 corresponds to a periodic pattern with wavelength 
2n/k0.

Evolution

The theory that describes the formation of fracture 
alignment in the protolith works with a position 
dependent stiffness, represented by its Lame coeffi
cients X and fx. These have an average and fluctuations. 
The simplest example of the theory is the two-dimen
sional case, consistent with the graph theory of frac
ture connectivity (Fig. 1).

During any increment in the overall strain, a, fluctu
ations in the distortion (/I) are naturally position 
dependent and give rise to changes in stiffness accord
ing to a strain increment dependent law. Koenders 
(1997) discusses a number of cases for the evolution

rules, but here the appropriate rule is the one in which 
the change in the Lame coefficients is proportional to 
the isotropic strain so that the protolith becomes softer 
when expansion takes place and stiffer under compac
tion. This case has the pleasant property that it works 
on invariants. The description with Lame coefficients 
implies isotropic material properties, and by letting the 
change be proportional to invariants, isotropy is pre
served. The isotropic evolution rule takes the form:

<5A(x) = c^fotaa + 0aa(x));

<5/i(x) = C^OCaa + 0aa(x)). (3)

What is required is an expression to link j3(x) to a via 
the fluctuations in the stiffness. Koenders (1997), modi
fying earlier work by Kroner (1967), found that such a 
link can be found in terms of Fourier transformed 
variables. In this way the evolution of the stiffness is 
readily expressed in harmonic intensity form. The 
phenomenon of structure formation for an isotropic 
evolution rule is manifest when a deviatoric global 
strain path is present. For the explicit case of a crustal 
protolith heated from below by intruding mafic 
magma, a local deviatoric strain path is highly likely.

Strain path during thermal expansion

We have applied the simple thermal conductivity 
calculation of Carslaw and Jaeger (1959) to a 500 m- 
thick vertical section of protolith, assuming an initial 
temperature difference AT between the intruding basal
tic magma and country rock of 400°C (Fig. 4). It is 
apparent that after a time sufficiently long to support
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Fig. 4. Temperature profile as a function of position at different 
times in a one-dimensional calculation of melting and heat conduc
tion in an infinite slab of rock (see Carslaw and Jaeger, 1959, 11.2). 
The following parameters have been used: temperature of intruding 
material 1000°C; melting point of rock 600°C; latent heat of the 
phase transition 1400 cal gm-1; thermal conductivity of melt 
0.001 cal/(cmsK); thermal conductivity rock 0.005 cal/(cmsK); ther
mal diffusivity of melt 0.01 cm2 s-1; thermal diffusivity rock 
0.01 cm2 s-1; specific heat of melt 0.2 cal/(gmK). The profile of the 
temperature is shown here over a vertical protolith thickness of 
500 m. The time taken to attain a more or less constant temperature 
is 3 x 10l2s (105 y). At this time about one third of the protolith is 

melted.
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a no-resolidification state (ca. 3 x 1012 s), the protolith 
has undergone a more or less uniform increase in tem
perature. By this time, thermal expansion in the proto
lith is of the order of magnitude of several percent of 
volume strain. Estimating volume strain is complicated 
by the fact that dry rock and fluid (melt) filled frac
tures have different thermal expansion coefficients. 
However, there is no doubt that straining will take 
place on a scale which is slightly larger than the gen
eral tectonic background strain field of ca. 10-13 s_I. A 
rough estimate made on the basis of the assumption 
that the melt phase will expand with an expansion 
coefficient of the order of 10^ K-1 and the volumetric 
expansion coefficient of the solid rock is some 3 x 10“5 
K”1, the total expansion of the mixture under a tem
perature increase (AT) of 400 K is between 1% and 
5% strain. Thus, in this case it is not the rate of strain 
but the direction of straining that dominates, giving 
rise to a deviatoric strain sufficient to cause alignment 
of fractures in the protolith.

Deviatoric strain and vertical fracture alignment

Fracture alignment is achieved in the following way. 
In the horizontal direction (>>), the protolith is assumed 
to be clamped by the presence of cooler country rock 
that is not heated above its ambient temperature. It 
thus follows that all strain is approximately caused by 
vertical differential motion, denoted by the suffix x. 
The global strain path in the protolith is therefore 
deviatoric and has the form:

“xx = a0
<X\2 — OC21 — 0

0C22 ~ 0. (4)

The strain path so defined will be followed persistently 
in the protolith during thermal expansion.

An initial isotropic state is assumed which peaks 
around a certain wave number, corresponding to the 
heterogeneity scale. Typically this scale is the average 
distance between fractures in the protolith. This is not 
to imply that all fractures are equidistant, but that the 
process of fracture formation in the past history of the 
protolith has a certain, statistically defined, preponder
ance for the distance between fractures to be a particu
lar size. Below this wave number there is no 
contribution as correlations die out for large distances. 
Concerted effects cannot take place on a scale smaller 
than a certain grain size (which is part of the basic 
properties of the rock) and therefore the harmonic 
intensity collapses for large |k|.

The distribution in shear modulus intensity rep
resented by the harmonic intensity S^Qt) for the proto
lith in the isotropic (unheated) state is shown in Fig. 5 
as a function of wavenumber (Fig. 5a) and three 
dimensional form (Fig. 5b). The isotropic nature of 
the ‘stiffness’ is reflected in the fact that no directional

features are present. The effect of deviatoric strain as
sociated with heating and thermal expansion in the 
protolith after 105 y is shown in Fig. 6. As the overall 
strain increment [equation (4)] is repeatedly applied, 
the harmonic intensity becomes elongated (Fig. 6a). 
Changes in the harmonic intensity are more easily 
visualised in three-dimensional form (Fig. 6b) where 
directionality is manifest in the two distinct peaks in 
harmonic intensity, pointing to a vertically layered 
structure in the stiffness.

In summary, the direction of fractures in the proto
lith are normal to the direction in which the harmonic 
intensity is large, here the vertical (y) direction with 
structures in the spatial domain becoming elongated in 
the x-direction. This correlated behaviour resulting 
from evolution is equivalent to the coalescence of frac
tures in the vertical direction. In passing it is noted 
that the overall behaviour of the rock becomes aniso
tropic and also that the average moduli decrease under 
a persistent expansive strain path. These two effects 
together may give rise to bifurcative failure (e.g. Hill 
and Hutchinson, 1975).

DISCUSSION

While acknowledging that the discrete description of 
evolving fracture systems may at first sight appear arti
ficial, this is not the case. To appreciate the import
ance of the emergence of order in fractured media for 
melt segregation it is necessary to consider the vast 
number of states in which the system is free to roam. 
Imagine a network made up of 100 randomly oriented 
fractures, and that each fracture exists in two possible 
states—melt filled (on) or melt-free (off). The number 
of possible states is then 2100, a staggeringly vast num
ber. Although it is true that this large number of states 
is theoretically available to the system, the choice of a 
suitable evolution process selects a state that enables 
melt segregation by creating directional structures. 
Some evidence for self-organised criticality in natural, 
high-level fracture systems is seen in the power law 
behaviour of acoustic emissions during volcanic ac
tivity (Diodati et al., 1991). We argue that a similar 
process takes place in the lower crust during partial 
melting in the vicinity of a mafic heat source.

The continuum model provides a physical basis for 
the discrete model presented earlier. It shows that 
there exist necessary conditions for the evolution rule 
that lead to self-organisation. These conditions are: (1) 
a thermally-induced deviatoric persistent strain; and 
(2) a uniform temperature field during expansion. The 
latter condition is weaker than the strongly required 
former one. Thus, for fractures to align themselves ver
tically, the strain in this direction must be dominant. 
This happens because the country rock is effectively 
clamped in the horizontal direction due to lesser 
amounts of heating and thermal expansion. In this
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Fig. 5. (a) Contour plot showing the initial isotropic distribution of stiffness (shear intensity modulus) in the undeformed 
protolith. The stiffness is shown as the Fourier transform of the correlation function as a function of the x and y com
ponents of the wavenumber vector k. (b) Three-dimensional form of Fig. 5(a) showing the undeformed harmonic inten

sity S/i(k).
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Fig. 6. (a) Contour plot showing the deformed state of the harmonic intensity after 105 y of thermal expansion in the 
protolith. (b) The strongly peaked nature of shear modulus (harmonic) intensity S/i(k) reflects an evolving directionality 
(corresponding with vertical fracture alignment) caused by large deviatoric stresses that arise in the protolith during heat

ing. A more extensive sequence of colour images can be found at http://www.kingston.ac.uk/'gl_s041/npet.htm.

http://www.kingston.ac.uk/'gl_s041/npet.htm
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analysis, the time scale for heating, thermal expansion, 
self-organisation and vertical fracture alignment is of 
the order of 105 y. By this time ca. 30% of the proto- 
lith will be melted, consistent with chemical models of 
pluton formation. Our analysis suggests that partial 
melting during periods of crustal under/intraplating by 
mantle-derived magmas and subsequent fracture for
mation are strongly coupled ‘pattern-forming* pro
cesses that act together to maximise the potential for 
melt to segregate effectively from its matrix.

CONCLUSIONS

Thermal forcing of crustal rocks during rapid heat
ing (e.g. underplating) leads to the emergence of a self- 
organised fracture network. By analogy, fracture con
nectivity will develop locally from an initial uncorre
lated state into a self-organised, communicating 
network (dissipative structure) that may focus and 
channel melt away from the source region. Predicted 
fracture connectivity increases rapidly across a rela
tively narrow transition region, effectively separating 
unconnected, isolated fractures from a highly con
nected fracture conformation. Provisional estimates of 
fracture permeability that take into account changes in 
connectivity range from ca. 10“10 m2 to 10~5 m2 at 
constant aspect ratio. Once fully connected, the frac
ture network forms a single, transient structure that 
will persist until either the heat flux into the protolith 
is exhausted, or the source region becomes thermally 
equilibrated. A physical continuum model is presented 
which predicts that changes in stress in a hetero
geneous protolith characterised by stiffness domains 
will result in vertically oriented fractures in the source 
region over the timescale for thermal equilibration.
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Abstract

We present the results of numerical simulations to explore the effects of periodicity of basalt intrusion on the degree 
and timescales of melting of mafic lower (arc) crust. Melt production as a function of temperature was determined from 
paranieterisation of published (0.7-1.6 GPa) fluid-absent partial melting experiments on amphibolites. We focus on a 
periodicity ranging from 20 to 30000 years, with a total of 1 km of basic material intruded. Emplacing new basalt 
intrusions on top of earlier ones maximises the amount of silicic melt generated in the overlying protolith, and reduces 
greatly the heat loss through the base of the pile. Except for the case of a single intrusion, average partial melt 
temperatures generally exceed 900oC, and maximum temperatures may exceed 1000°C. The degree of partial melting is 
governed by the initial intrusion temperature and the periodicity, and yields a maximum predicted average melt fraction 
of 0.38. There is a time lag between maximum melt production and the maximum height reached by the melt column, 
with melt fractions in excess of 0.2 generated only where the time interval between each new intrusion is <200 years. 
Predicted maximum melt thicknesses do not exceed ca. 100 m, implying that large granitic magma chambers may not 
develop in the source region during partial melting of mafic lower crust. The ratio of the period of intrusion (tj) and the 
characteristic timescale for heat loss (Td) defines an important variable R that can be used to assess the thermal 
behaviour of the melting column, with both melt temperature and average (maximum) melt fraction maximised where 
J?= 1. The ratio R is used as an indicator of composition (expressed through changes in REE content) of a hypothetical 
partial melt, with smaller numbers of thicker intrusions (R-^0) resulting in higher modelled (La/Yb)# ratios. Partial 
melting of continental crust beneath intrusions may provide a means of mixing mantle and crustal components at source 
prior to magma emplacement. Alternatively, if crustal melt freezes at the base, strong compositional (mafic-felsic) 
layering may result. During partial melting by periodic, multiple intrusion, the lower crust is a dynamic environment, 
with the amount of silicic (granitic) melt available for extraction in the source region rising and falling in the crustal 
column with time. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: partial melting; amphibolites; granites; magmas; models; periodicity; layered intrusions

1. Introduction

* Corresponding author. Tel.: +44-208-547-7518; 
Fax: +44-208-547-7497.

E-mail address: n.pet@king.ac.uk (N. Petford).

Experimental work since the late 1980s [1-10] 
has shown that hydrous basaltic rocks and their 
metamorphosed equivalents greenstone, amphibo-
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lite and eclogite, classically regarded as protoliths 
for Archean TTD suites, are also important 
source rocks for a number of Na-rich Phanerozoic 
granitoids comprising the large Mesozoic Cordil- 
leran plutonic complexes of the Western Ameri
cas, Antarctica and New Zealand [11-16]. Implicit 
in petrogenic models developed from these exper
imental studies is that the source region and the 
heat source itself is pre-existing or newly accreted 
mafic underplate (e.g. [13]). However, despite the 
chemical evidence in support of derivation of 
acidic melts with trondhjemitic affinities from a 
mafic protolith, few attempts have been made to 
identify the explicit thermal requirements for par
tial melting of a basaltic underplate ( = amphibo
lite) under upper amphibolite to granulite facies 
P-T conditions, or to constrain the time and 
lengthscales involved [17,18].

To this end, we present the results of a numer
ical investigation of partial melting of mafic lower 
crust by intruding mantle-derived magma. Ther
modynamic closure conditions are taken from 
partial melting experiments on basaltic and am
phibolite source compositions at average lower 
crustal pressures (0.7-1.6 GPa). Parameterisation 
of the relevant partial melting experiments has 
allowed us to quantify a number of constraints 
relating to the thermal evolution and melt gener
ation history of the protolith. We consider specif
ically melt fraction, the height of the partial melt 
zone, and the heat flux from the source region. 
Furthermore, by varying the thickness and num
ber of intruding basaltic magma pulses (concep
tualised as horizontal sills) over a range of intru
sion times, we assess also the role of periodicity 
on crustal melting. Given the high surface heat 
flow predicted in our model it is best, although 
not exclusively, suited to arc environments. We do 
not consider the related problem of melt extrac
tion (treatments dealing explicitly with coupled 
thermal-mechanical models of the melting region 
have been given recently by Jackson and Cheadle 
[19] and Petford and Koenders [20]). Perhaps the 
most important outcome of our study is the rap
idity of melt generation and the small cumulative 
thickness of underplated heat source required to 
achieve this.

2. Underplating and partial melting of
continental crust

The formation of granitic magmas in the 
Earth’s crust requires the stable continental geo
therm to be modified in some way, with decom
pression of tectonically thickened crust and asthe- 
ndspheric upwelling during rifting and 
underplating of basaltic magma the most com
monly invoked mechanisms (for a review see 
[18]). While recognising that there are different 
ways to change the chemical potential at different 
times and scales during an orogenic cycle, there is 
a growing consensus that with the exception of 
some peraluminous leucogranites, it is unlikely 
that the continental crust will ever reach temper
atures high enough for fluid-absent melting with
out additional heating from a basic heat source, 
generally underplated or interplated mafic to in
termediate, mantle-derived magma [18]. The abil
ity of crystallising basaltic melts to provide suffi
cient enthalpy to melt surrounding country rock is 
now well documented, and has been investigated 
both numerically and experimentally by a number 
of authors [17,21-24,29,33]. Common to these 
models is that relatively large amounts of granitic 
melt can be generated over geologically short 
timescales compared with other mechanisms for 
melt generation in the continents that do not in
volve an external heat supply [18,22],

3. Melting model description and parameterisation

In order to constrain the amount of partial melt 
generated from the lower crust by the intrusion of 
mafic magma, we have parameterised results of 
relevant fluid-absent partial melting experiments 
on amphibolites from the recent literature. The 
start materials include meta-island arc tholeiite 
(IAT), meta-alkali basalt (ABA) [5], and low-K 
migmatic amphibolite [9]. The data are from 
runs at a pressure of between 0.7 and 1.6 GPa, 
corresponding to crustal depths of ca. 21—48 km. 
They are thus instructive in that they overlap with 
melting depths (ca. 30-50 km) likely to character
ise natural Na-rich melts (TTD suites) from the
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Fig. 1. Plot of melt fraction versus temperature complied 
from published experimental results on the fluid-absent melt
ing behaviour of selected amphibolites (initial water contents 
generally <1.5 wt%), at lower crustal (0.7-1.6 GPa) pres
sures (see [4-9]). The relationship between melt fraction and 
temperature (solid line) has been parameterised according to 
Eq. 2, and used in the thermal models to predict the appro
priate melt fraction generated at any given temperature over 
the melting interval.

Archean as well as some modern Cordilleran set
tings (e.g. [9,11-13]).

Fig. 1 shows the observed experimental data for 
melt fraction as a function of increasing temper
ature from five relevant experimental studies 
[4,5,7-9]. The relationship between temperature 
and melt fraction is weakly non-linear, with a 
best-fit curve to the data approximated by a third 
order polynomial as a function of the non-dimen
sional temperature, V, referred to as the homol
ogous temperature by McKenzie and Bickle [25]. 
This is defined as:

{Tx-Ts) (i)

where T is temperature and Ts and T\ are the 
solidus and liquidus temperature, selected from 
Fig. 1 as 822°C and 1200°C, respectively. Again 
following the formulation of [25], we specify the 
fractional degree of melting (X) as a function of

homologous temperature given as:
X(T') = 0.5—0.25tf0 + (l-0.25tf,)r+

aoT12 + a\ T’* (2)

where the coefficients «o and a\ were determined 
by fitting the experimental data for the amphibo
lite experiments shown in Fig. 1 (aq = 0.4577 and 
a\ = —0.771). The magmatic evolution model also 
allows for crystallisation of the basaltic under
plate using the relationship defined by Marsh 
[26], where the fraction of crystals is given in 
terms of a homologous temperature:

jrc(r) = 0.5(1-erf (3)

where erf is the error function and <7= 0.27386. 
The solidus and liquidus values for basalt crystal
lisation are taken as 1050°C and 1200°C, which 
approximates the temperature interval at lower 
crustal pressures for tholeiite under anhydrous 
and vapour-absent (but FFO-bearing) conditions 
[27].

In terms of the energy balance during melting, 
we consider the following equation:

, rdX
+ /l-p£— (4)

where the terms and the values adopted are given 
in Table 1. In doing so we make the simplifying 
assumptions that both density and specific heat 
capacity of the mixture are unchanging and that 
the latent heat is single valued. Our values of 
latent heat (and other variables) are similar to 
those in [17,21], allowing a more direct compari
son of results. While recognising that once melt
ing starts, thermal diffusivity is likely to fall, po
tentially increasing our timescales, uncertainties 
regarding convective and radiative heat transfer 
may compensate by increasing the rate of melting.

We solve Eq. 4 using a Lagrangian finite differ
ence formulation, allowing for different parameter 
values in the basalt and granite melting regions. 
We do not consider convective heat transport, 
and the rationale for this has been described in
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Table 1
Specification of parameters used in model calculations

T temperature °C
t time s
z depth m
p density mantle 3300 kg m~3 

crust 2900 kg m“3
k thermal conductivity mantle 4.2 W m-1 K”1 

crust 3.0 W m-1 K-1
C heat capacity 1.2X103 J kg"1 K"1
L latent heat 2.93 x 105 J kg-1 for granite melting

4.182X105 J kg-1 for basalt crystallisation
X fraction of melt
A heat production W m~3 (Ao determined from boundary conditions) (A(z) = A0 exp(—zlHT)
11. constant in heat-producing layer in the crust 10 km
Hc crustal thickness 35 km
Qs surface heat flow 110 mW m"2
Ts solidus temperature 822°C at 10 kbar for granite melting

1050°C for basalt crystallisation
T\ liquidus temperature 1200°C at 10 kbar for granite melting

12006C for basalt crystallisation

detail by Pedersen et al. [24], who have examined 
the effects of multiple intrusions over considerably 
longer timescales than we consider here. Essen
tially, the fact the melt does not get superheated 
(i.e. above the liquidus temperature) and the rel
atively high viscosity (KXMO6 Pa s) of most gran
itic melts [28] acts to reduce the potential for 
widespread vigorous convection. Indeed, our re
sults, suggesting maximum melting in the range of 
30% is further evidence that convection may not 
readily occur in chambered magma (see [29] for 
further discussion).

The initial thermal state was defined using a 
geotherm calculated in a similar manner to that 
outlined by McKenzie and Bickle [25] using a 
mechanical boundary layer of 100 km, with a 
mantle potential temperature of 1300°C. We 
specified the surface heat flow and determined 
the crustal heat production and mantle heat flow 
required to satisfy the mantle potential tempera
ture boundary condition. The temperature at the 
base of the crust depends on the heat flow, the 
thermal conductivity of the crystallising basaltic 
melt (heat source) and the overlying crustal pro- 
tolith. Estimates of the temperature at the base of 
the crust ranged from 500 to 750°C for a range of 
surface heat flux between 55 and 165 mW m-2, 
with a mantle heat flow of about 34 mW m-2.

For all simulations presented in this paper, we 
used a surface heat flow value of 110 mW m-2, 
with equivalent temperature at the base of the 
crust of ~650°C. This model has a mantle heat 
flow of ~ 34 mW m 2 and exponential depth de
pendence in crustal heat production, with a sur
face heat production of ^7,5xl0-6 W m-3 and 
a length scale of 10 km (see Table 1). The value of 
110 mW m-2 is higher than the global continental 
average of 65 mW m~2 flow [30] but in reasonable 
agreement with average surface heat from sections 
of continental arcs with thickened crust, such as 
the western Cordillera of Peru [31]. It is likely to 
be an overestimate in areas associated with flat 
slab subduction (e.g. central Chile), or imbricated 
cold oceanic lithosphere, where heat flow is gen
erally < 60 mW m-2 [32].

The rate of post-underplating thermal re-equil
ibration depends on the initial thermal state and 
the thermal conductivity values through the ther
mal diffusivity. Values of thermal conductivity of 
protolith rocks used in other numerical simula
tions range from ^ 1 to 3 W m-1 K-1 [12,21, 
23], where lower values lead to longer conductive 
re-equilibration time scales. As emphasised by 
Barboza and Bergantz [33], the rheology of the 
crystallising basalt heat source also plays a crucial 
role in allowing heat to be transferred to the over-
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lying crustal protolith, and in reality the thermal 
conductivities of both the heat source and proto
lith will change with tune, as they will be a func
tion of the proportion of melt and solid material, 
and temperature.

It is clear there are considerable uncertainties 
inherent in the thermal structure of the lower 
crust and temperature of the underplated magma. 
However, the important parameter is the differ
ence between the intrusion temperature and the 
lower crustal temperature [24], Consequently, the 
details of the mantle potential temperature and 
the distribution of heat-producing elements are 
not critical. For an instantaneous intrusion, the 
temperature at the interface between the country 
rock and the intruded material increases instanta
neously to the mid-point between the their respec
tive initial temperatures. We specified two values 
for the initial underplate temperature (1100°C and 
1300°C). Therefore, our model results can be in
terpreted in terms of an initial temperature con
trast between the host rock and the intruded ma
terial of ~450-650°C. The assmned initial 
intrusion temperatures are consistent with those 
expected for basaltic melt generated by decom
pression melting of both dry and wet peridotite 
[34], with the lower temperature being appropriate 
for melting of hydrated peridotite.

Finally, we specified a priori the period of in
trusion (i.e. the time gap between successive intru
sions) and the number of discrete underplate in
trusions, forming a total underplate thickness of 
1000 m. We consider intrusion periodicities of 20 
to 3X 104 years, and the total number of discrete 
intrusions was varied between 1 and 100, leading 
to a range in individual intrusion thickness of 10 
to 1000 m.

4. Simulation results

The numerical model allows us to monitor a 
number of parameters including the thickness of 
granitic melt generated, the mean and maximum 
temperature of the granitic melt, the average and 
maximum granitic melt fraction and the time-in
tegrated heat flow out of top and base of the 
cumulative basalt intrusions. The degrees of crys

tallisation and average temperatures in the intrud
ing basalt heat source are also determined in the 
simulations. We consider the situation with an 
intrusion temperature (7]) of 1300°C, and exam
ine the role of variations in the rate of intrusion 
and discuss the results of using an intrusion tem
perature of 1100°C where appropriate. We stress 
[29,33] that while the total enthalpy contrast de
termines the total amount of partial melting, the 
temperature contrast determines the highest de
gree of partial melting, which will always occur 
at the contact.

4.1. Single intrusion

The first case we discuss is a single, 1 km-thick 
basalt sill intruded instantaneously into the lower 
crust and subsequently cools conductively. This is 
a well-known situation that has been modelled 
previously [17,21,23] among others, and is in
cluded here primarily as a reference model for 
the multiple intrusion situations we consider sub
sequently. The evolution of the mean tempera
tures in the granitic melt and basalt after the in
stantaneous intrusion at a temperature of 1300°C 
are shown in Fig. 2a. The basalt cools rapidly 
and the mean temperature reaches the solidus 
value after about 2500 years, although there is 
still basaltic melt present until about 4000 years. 
After the initial high value, the mean temperature 
in the granitic partial melt remains fairly constant 
over the duration of the simulation falling from a 
maximum of ~ 900°C to 822°C, the solidus tem
perature, after about 25 000 years. In Fig. 2b we 
summarise the evolution of the basaltic and gran
itic partial melt fractions. The mean granite melt 
fraction (ca. 45%) occurs immediately at the in
terface between the intrusion and the country 
rock, but drops rapidly to about 10% by the 
time the basalt has totally crystallised (ca. 
4X103 years). The heat loss from the upper and 
lower boundaries of the intrusion is shown in 
Fig. 2c. Note that we only consider conductive 
heat loss, which will tend to overestimate time- 
scales of cooling, relative to the convective situa
tion [21], although as crystallisation of the basalt 
occurs, any convection will become more sluggish 
and conduction will start to dominate. A notable
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Fig. 2. (a) Evolution of mean temperatures in the granitic melt (solid line) and basalt (dotted line) as a function of time for 1 in
stantaneous intrusion (N) 1 km thick at 1300°C. (b) Evolution of maximum and mean granitic melt fraction (dashed and solid 
lines, respectively) and the mean crystal proportion in the cooling basalt (dotted line), (c) The heat loss from the upper (solid 
line) and lower (dotted line) boundaries of the intrusion as a function of time, (d) The thickness (or height) of the granite melt 
column (dotted line) and the thickness of granitic melt (solid line) produced from this melt column as a function of time. Note 
that the maximum values in each curve do not coincide.

feature of this figure is that nearly as much heat 
is lost from the base of the underplate intrusion 
as out of the top. This is not surprising but is 
often overlooked, and its petrogenetic implica
tions are discussed later.

Fig. 2d shows the variation in the thickness of 
the granite melt column (the height of the parti
ally molten zone in the amphibolite protolith 
above the basalt intrusion) and the total amount 
of granitic melt thickness generated. The latter is 
effectively a product of the average melt fraction

and the height of the melt column. Although the 
height of the melting column extends more than 
250 m from the protolith/heat source interface, 
the actual amount of granitic melt generated is 
small, reaching a maximum thickness of just 
over 17 m, giving a maximum granite/basalt 
thickness ratio of 0.017. The timing of maximum 
melt generation is about 3000 years after the 
initial intrusion, while the maximum height of 
the melt column is achieved after about 7500 
years.
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The results for a single intrusion at 1100oC are 
not shown here, but show much the same trends 
as the higher intrusion temperature discussed 
above. As expected there is less melt generated 
(< 2 m, with an average melt fraction of about 
5% in a melt column of 30 m).

4.2. Multiple intrusions

The single intrusion case produces melt rapidly 
as a consequence of the instantaneous heating of

the lower crust immediately above the intrusion. 
However, as shown in Fig. 2c, approximately half 
the heat loss occurs from the base of the intru
sion. Emplacing a number of intrusions into the 
same protolith periodically can potentially in
crease the amount of melting. Such a multiple 
intrusion mechanism is arguably in keeping with 
seismic evidence for a layered lower crust (e.g. 
[35]). It is assumed throughout the following dis
cussion that the hotter, newly incoming basalts 
are emplaced above the earlier ones, as might be

Basalt (mean % crystals)

.Maximum granite melt

10,000 15,000
Time (yr)

Basalt

■» 1000

10,000 15,000
Time (yr)

-c 400

Melt column height

Upper boundary of basalt
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Lower boundary of basalt
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Fig. 3. (a) Evolution of mean temperatures in the granitic melt (solid line) and basalt (dashed line) as a function of time for 
N—5 intrusions of 1300°C, thickness (L) of 200 m intruded at a period (r,) of 200 years, (b) Evolution of maximum and mean 
granitic melt (dashed and solid lines, respectively), and the mean crystal proportion in the cooling basalt (dashed line), (c) The 
heat loss from the upper (solid line) and lower (dashed line) boundaries of the intrusion as a function of time. Note the smooth 
lower curve, indicating steady, time-dependent heat loss from the base, (d) The thickness (or height) of the granite melt column 
(dashed line) and the thickness of granitic melt (solid line).
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expected on buoyancy grounds. This is referred 
to as overaccretion [24]. Underaccretion where 
new intrusions are placed below the earlier ones, 
leads to less melt generation and the rate of melt 
generation decreases with time, relative to over- 
accretion, as expected from heat transfer argu
ments.

In Fig. 3, we show the effect of five discrete 
intrusions emplaced at 1300°C, 200 m thick (to
tal cumulative basalt thickness of 1 km), at 200 
year intervals into lower crustal amphibolite. The 
results are plotted as in Fig. 2 for comparison. 
The mechanism of multiple intrusion leads to 
characteristic ‘saw-tooth’ patterns of changing 
melt fraction, melt temperature and melt thick
ness with time. Overall, the maximum average 
temperature of the granitic melt stays higher 
for longer than for the single intrusion case 
(Fig. 3a) as a consequence of effectively replen
ishing the heat source immediately adjacent to 
the protolith region. The maximum melt thick
ness is also greater, and reaches nearly 50 m 
(Fig. 3d), more than twice the maximum melt 
thickness produced by the single 1 km-thick in
trusion. As in the single intrusion case, the max
imum amount of melt is not generated at the 
time of maximum melt column height. A spike 
in upper boundary heat flux, reflecting the dis
continuous nature of the heat input (Fig. 3c) 
defines each successive intrusion. The decrease 
in peak heat flow with each intrusion is a con
sequence of the heating up of the overlying lower 
crust, and so reducing the temperature gradient 
across the crust/underplate boundary. The rela
tive proportion of heat lost from the base of the 
intrusions is therefore less than the single intru
sion case. This is also indicated by the relatively 
smooth time dependence of heat loss from the 
base of the total intrusion, as it is progressively 
more removed from the rapid variations associ
ated with the emplacement of new material. By 
the end of the intrusive cycle (1000 years), the 
mean and maximum melt fraction (0.25 and 0.7) 
and granitic melt average temperature (950°C) 
have exceeded those values predicted for a single 
1 km-thick intrusion. This is attributable to the 
relative proportions of heat loss from the top 
and base of the underplate. A single large intru

sion loses about half of its heat across the lower 
boundary, while the multiple intrusions lose con
siderably less as a consequence of the relatively 
hot underlying earlier intrusions. This implies 
that multiple intrusion is a thermally more effi
cient way of melting the overlying crust.

4.2.1. Constant thickness, variable periodicity
In order to show how rapid partial melting can 

occur in mafic crustal rocks during periodic, mul
tiple intrusion, we varied the time interval be
tween intrusions by a factor of 10, from 200 years 
down to 20 and up to 2000 years, keeping the 
thickness of each individual intrusion unchanged 
at 200 m (i.e. five discrete intrusions). Adopting 
the same format as Figs. 2 and 3, Figs. 4 and 5 
summarise the results for 2000 and 20 year peri
ods. Again, the periodicity in heat flux is reflected 
in a saw-tooth profile of changing melt fraction 
over time. By decreasing the time gap between 
each successive basalt intrusion (i.e. reducing the 
period), the heat loss to the protolith is reduced, 
allowing temperatures, and hence melt fraction, to 
rise more steeply in a shorter space of time. How
ever, the maximum average melt fractions and 
average melt temperatures for both the 20 and 
2000 year periodicities are less than for the 200 
year case. We shall discuss the relevance of this in 
more detail later.

The more rapid intrusion rate also leads to a 
more protracted duration for the crystallisation of 
the intrusion, relative to the intrusion period. This 
is also seen in the larger difference between the 
average temperatures in the basalt and granite 
melts. For the 2000 year period, each intrusion 
has crystallised totally before the next intrusion, 
while the longer timescale allows more conductive 
heat transfer to the protolith generating melt from 
a longer melt column than the shorter timescales. 
In this case, although the maximum granite melt 
fraction increases with each intrusion (as a conse
quence of the continued heating immediately 
above the new intrusion), the average melt frac
tion does not increase significantly each time, in 
contrast to the more rapid intrusion rates. Inter
estingly, the longer period ultimately also leads to 
more heat loss from the base of the intruding 
region.
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Fig. 4. The effects of varying periodicity at constant intrusion thickness (200 m) and number (cf. Fig. 5), for an intrusion period 
(r,) of 2000 years. Note that even after five intrusions, the mean melt fraction is <20%.

4.2.2. Constant periodicity, variable thickness 
Finally, we consider cases where the number 

and thickness of intrusions changes while the 
period remains constant. We use a 200-year pe
riod with an intrusion temperature of 1300°C, 
and increase the number of intrusions to 20 
and 50, corresponding with individual intrusion 
thickness of 50 and 20 m, respectively. Results 
for 20 intrusions are shown in Fig. 6. Relative to 
the five intrusion case consider earlier, this ar
rangement produces nearly 100 m of melt over a 
longer melt column, with a higher maximum and 
average melt fraction (~80 and 25%, respec
tively). The average temperature of the granitic

melt (~955°C) is also higher and closer to the 
average temperature of the basaltic melt, which 
is lower than the five intrusion case (cf. Figs. 
3-5). For the case of 50 intrusions (not shown), 
the small intrusion thickness (20 m) results in 
very rapid heat loss. Initially, the successive in
trusions solidify totally, as does the granitic melt, 
with the temperature of both melt regions falling 
below the basalt solidus. In some cases, the gran
itic melt can be hotter than the average temper
ature of the solidified basaltic material. How
ever, the average thickness of granite melt 
produced is small.

To summarise, the intermediate case of 20 in-
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Fig. 5. The effects of varying periodicity at constant intrusion thickness (200 m) and number (cf. Fig. 4), for an intrusion period 
(r,) of 20 years. Note the time scale is reduced relative to the earlier figures and that the mean granite melt fraction is <0.2.

trusions at 200 year intervals is the most efficient 
of the three models presented above for producing 
maximum thickness and average granite melt frac
tions. Not surprisingly, the cumulative thermal 
effects of a large number of relatively thin sheets 
far exceed the simple case of melting above a sin
gle, large intrusion, and may explain the results of 
Waters [36], suggesting that enormous amounts of 
underplate (10-60 km) are required to heat the 
lower crust to 800°C. Overall, the model results 
considered to this point suggest that during par
tial melting by periodic, multiple intrusion, the 
lower crust is a dynamic environment, with the 
amount of granitic melt available for extraction

in the source region rising and falling in the crus
tal column with time, as a function of the history 
of intrusion, i.e. the periodicity and the number of 
discrete intrusions.

5. Periodicity controls on crustal melting

It is clear from the above discussion that perio
dicity in heat input is an important consideration 
where crustal melting is caused by intrusion of 
mantle-derived basaltic melts. In order to look 
at this effect in more detail, we have simulated 
the periodicity effects of emplacing a variable
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number of basaltic intrusions of different thick
nesses over three time intervals of 20, 200 and 
2000 years with intrusion temperatures of 1100 
and 1300°C. In all cases, the total cumulative 
thickness of basalt remains 1 km. The thickness 
(in km) of a given individual basalt intrusion is 
given by the inverse of the number of intrusions. 
Again, we assume that each successive intrusion is 
emplaced directly above the previous one (over
accretion).

It is possible to define two timescales relevant 
to the heat loss and melting processes: the period 
of intrusion (t;) and the characteristic thnescale 
for diffusive heat loss (Td). The former is specified 
a priori while the latter can be expressed as:

L2
t< = ¥ W

where L is the thickness of an individual intrusion 
and k is the thermal diffusivity (about 32 km 
Myr-1 for most rocks). This can also be written 
as:

t}
max

N2k (6)

where Lmax is the total thickness of the intruded 
material (1 km in all cases we consider) and N is 
the number of discrete intrusions, with a mini
mum value of 1 (although this implies a infinite 
period). We can define a ratio of these two time- 
scales :
R = Ti/Td (7)

For a value of R> l, Tj > Td and so heat is sup
plied more slowly than it is lost by diffusive pro
cesses, while for R<1, the converse holds. For a 
given value of R, we can write:

A(X-7/raax
1 0.5
T;.

(8)

Thus, for a constant R a longer intrusion period 
will tend to trade off against fewer intrusions (i.e. 
thicker individual intrusions) if Lmax is constant. 
In addition, we might expect a long interval be

tween intrusions would lead to less melt, as the 
tendency will be for heat to be lost more quickly 
than it is supplied. However, very rapid intrusions 
do not necessarily lead to more lower crustal 
melting. Although heat is supplied rapidly, about 
half of it can be lost from the base of the intrusive 
sequence.

Fig. 7 is a summary plot showing the average 
melt temperature, the average melt fraction and 
the maximum melt thickness as a function of R, 
for the three periodicities considered earlier with 
intrusion temperature of 1300°C with a total ba
salt thickness of 1 km, as before. Results were 
also obtained for an initial intrusion temperature 
of 1100°C (not shown). In addition, we show the 
results for periodicities of 7500 and 30000 years. 
The former is the lower limit to produce R=l for 
two intrusions 1 km-thick in total, and the latter 
is the equivalent value of q for a single intrusion 
of 1 km to produce R = 1 (but note the concept of 
periodic intrusion is not meaningful for one intru
sion). We consider the relevance of 7? = 1 later in 
the text. The maximum melt thickness does not 
always occur at the same time as the maximmn 
average melt fraction (e.g. Figs. 2-6). Conse
quently, we show the values at the time of the 
maximum average melt fraction and the maxi
mmn melt thickness.

Fig. 7 shows how the average melt fraction and 
melt temperatures are maximised when i? ~ 1, 
while the relationship to the maximum melt thick
ness is more skewed to have maxhna at higher 
values of R, depending on the intrusion period. 
The general trends in the results are similar for 
the two intrusion temperatures of 1300 and 
1100°C. The reason for the maxhna around 
R~ 1 is because the intrusive heat is either lost 
to the overlying crust more quickly than it is re
placed (7? > 1, many thin intrusions) or supplied 
more quickly than it can be lost (R<1, fewer 
thick intrusions). In the former case, the effect is 
just to continually reheat the refractory residue 
(previously melted crust), which cools between 
each successive intrusion. In the latter case, the 
basaltic region effectively heats up as heat is not 
lost quickly enough. This will lead to an increased 
heat loss from the base of the intruding section as 
mentioned earlier.
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Fig. 6. The effects of varying intrusion thickness (L = 50 m) and number (A^ = 20) at constant periodicity (r,) of 200 years. The 
mean granite melt fraction increases to a maximum close to 30%, with a temperature of ca. 950°C. Total melt thickness at the 
end of the simulation is 100 m.

The maximum melt fraction produced (from 
any part of the melt column) shows a trend sim
ilar to the maximum average melt fraction, but 
slightly offset to higher values of R. The maxi
mum melt fraction is around 2.5-4 times greater 
than the average value, with the ratio tending to 
increase as the period increases. For an intrusion 
temperature of 1300°C, and a period of 20 years, 
high degrees of melting occur in the melt column 
immediately above the intrusion, with the maxima 
for 200 and 2000 years about 90 and 60%, respec
tively. For 7500 and 30000, the values are about

40 and 30%. The ratios are similar for an intru
sion temperature of 1100°C.

The reason why the maximum melt thickness 
(Fig. 7c) does not show the same form of depen
dence on R is that the timing of maximum melt 
column height does not necessarily occur at the 
same time as the maximum melt fraction. This is 
because as heat it lost upwards the melt column 
lengthens, provided the heat supply is sufficient to 
maintain the temperature above the solidus. As 
time progresses, a relatively large region of the 
upper part of the melt column is only just above
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Fig. 7. (a) Maximum average melt fraction, (b) maximum 
average granitic melt temperature and (c) maximum melt 
thickness as a function of R for an intrusion temperature of 
1300°C and period (zj) of 20 (circle), 200 (square), 2000 (tri
angle), 7500 (inverted triangle) and 30000 (diamond) years. 
The closed symbols are the results for the time of maximum 
average melt fraction, while the open symbols are the results 
for the time of maximum melt thickness (see text for explan
ation). Values of R on the left represent lower number of in
trusions, with the left-hand data point on each curve giving 
the result for one intrusion (as in Fig. 2). The number of in
trusions (AO are labelled from left to right and increase in 
the order 1, 2, 3, 4, 5, 10, 15, 20, 30, 40, 50, 60, 100.

the solidus leading to small degrees of melting. 
Consequently, although the melt column can be 
relatively long, the average melt fraction can be 
quite small (and the average melt temperature rel
atively low). However, the combination of the two 
can lead to a greater thickness of melt than that 
produced when the average melt fraction is max
imum (but the height of the melt column is rela
tively small). The average melt fraction is gener
ally maximum at a time before the maximum melt 
thickness for /?< 1, and the timings tend to co
incide around /? = 1. The results for the 2000 year 
and greater periods suggest that for R> \ the 
timing of maximum melt fraction again generally 
occurs before the maximum melt thickness.

•5 km'100 r-

10 r-

Period of intrusion - x (years)

Fig. 8. The relationship between the intrusion period (z)) and 
the number of intrusions (AO leading to /?=1, for different 
total thickness (Z.max) of the intrusions (as labelled on the 
lines).



496 N. Petford. K Gallagher I Earth and Planetary Science Letters 193 (2001) 483-499

although the timings tend to converge as R in
creases (Fig. 7a).

A value of ~ 1 is the case where the two time- 
scales controlling the thermal evolution are simi
lar, i.e. heat is supplied more or less as quickly as 
it is lost and appears to be the most efficient com
bination in terms of maximising the average melt 
fraction and melt temperature. Fig. 8 summarises 
the relationship between the number of intrusions 
and period to achieve R=\, for a selection of 
different total intrusion thicknesses. This figure 
implies that rapid, thin intrusions or longer peri
od; thicker intrusions will tend to lead to higher 
degrees of melt fraction and average melt temper
atures. This is certainly the trend seen in Fig. 7. 
This relationship implies that various combina
tions of period and intrusion thickness will be 
most efficient in terms of generating granite melts. 
For example, if we consider 10 km of basaltic 
melt, /? = 1 if it is formed by about 1700 intru
sions emplaced at 1 year intervals, 100 intrusions 
emplaced every 300 years or 10 intrusions em
placed every 30000 years. Note that the predicted 
total duration increases as the number of intru
sions decreases.

6. Discussion

Although the details of our model are specific 
to partial melting of amphibolite, the concepts of 
multiple intrusion and periodicity are not. Given 
this, our results have a number of wider implica
tions for the petrogenesis of granitic plutons (s.l.) 
and the overall rate of granitic magmatism in di- 
oritic lower arc crust that are discussed in more 
detail below.

6.1. Linking melt production with 
pluton composition

As the fractional degree of melting (X) defined 
in Eq. 2 is also related directly to source rock 
composition in petrogenetic batch melting models 
[37], it is possible to gain some insight into the 
range of melt compositions produced by variojas 
degrees of average (maximum) partial melting (X) 
as a function of the ratio R. By way of example.

grt:20%.amph:40%.ptag:40%
amph:50%.ptag:50%

Archean TTG's

Cordilleran T-Types

r, thicker intrusions

Fig. 9. Plot showing modelled (La/Yb)jy ratios of partial 
(batch) melts from a garnet free and garnet-bearing (20%) 
amphibolite protoliths as a function of the ratio R. Each 
point represents a discrete melting event, with fewer, thicker 
intrusions (/?<!) giving rise to higher calculated La/Yb ra
tios due to smaller partial melt volumes in the model liquid 
despite the source mineralogy staying constant (distribution 
coefficients from [41]).

Fig. 9 shows the theoretical distribution in rare 
earth elements, expressed through (LaAfb)^ re
sulting from partial melting of a hypothetical am
phibolite over a range in R of 0.001 to 1 (r; =20 
years). Two model amphibolite source lithologies, 
one comprising a simple 50:50 plagioclase:amphi- 
bole mix and another with 20% garnet; 40% am- 
phibole; 40% plagioclase, with an initial (LaAfb)^ 
of 1.5, were chosen to examine the theoretical 
effects of melting at differing depths in the crust 
as a function of intrusion periodicity. The nega
tive correlation between R and (La/Yb)# is due to 
the smaller amounts of partial melting (and cor
responding LREE enrichment in the model melts) 
associated with a smaller number of thicker intru
sions. With the addition of garnet, the (La/Yb)# 
ratios increase for any given value of R due to the 
retention of HREE in the source. By varying the 
parameter R, the range in variations in melt com
position produced from a single source rock is 
potentially quite large, and reproduces the general 
range in observed variation in REE contents typ
ical of some Cordilleran granitoid suites (garnet 
free), and Archean TTDs (Fig. 9). We also note 
that changes in major element composition (due 
to changes in melt fraction), are likely to accom-
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pany changes in REE contents of the partial 
melts, with more mafic (lower SiO^) melt compo
sitions generated by higher degrees of partial 
melting (at R~l), of the model amphibolite pro- 
tolith. A second phase of melting at smaller values 
of R would give lower average melt fractions and 
more silica-rich liquids. Thus, by simply varying 
the degree of partial melting (itself a function of 
available heat at depth), a range of melt compo
sitions could in principle be generated from the 
same protolith composition, with melt (and final 
pluton) composition dictated by the periodicity 
and thickness of basalt intrusion at depth.

6.2. Deep crustal magma chambers and 
chemical interaction

While multiple, periodic overaccretion of basalt 
melt can lead to partial melting, where the lower 
crust is mafic, (as is likely to be the case in many 
Cordillean arc settings), the total thickness of par
tial melt and the melting column itself is small (cf. 
Fig. 7c), the latter just exceeding 100 m for an 
intrusion interval of 20-200 years. These results 
imply, contrary to many petrological models, 
that voluminous magma chambers of the type 
commonly envisioned in MASH-type models

[38] are unlikely to form in the deep continental 
crust where the protolith is relatively mafic and 
where overaccretion of small thickness sills is the 
dominant intrusion mechanism, and that deep 
magma reservoirs may be more akin geometrically 
to mushy zones inferred to lie below some Mid- 
Ocean Ridges (e.g. [39]). However, for single in
trusion events, just as much heat is lost through 
the base of the intrusion as through its roof. This 
downwards heat flux might result in melting below 
the underplate (depending on the nature of the 
any underlying crust, if indeed any is present). 
The novel point here is that the initial ‘magma 
chamber’ is not the partial (crustal) melt but the 
intruding mantle magma itself (Fig. 10). Although 
we stress again that the amount of granitic melt in 
our models is small (Fig. 2), given suitable den
sities and other fluid mechanical properties, there 
is potential for dynamic physical mingling and 
mixing of basaltic and granitic liquids (e.g. [40]). 
Alternatively, crustal melt may be trapped and 
freeze at the base of the intrusion. For the case 
of a single intrusion, an important thermal con
straint is the timescale of solidification (ca. 4x 103 
years) for the basalt. It remains an important 
open question whether hybrid magmas formed 
in a high aspect ratio magma chamber, or (in

partial melt (p^

Heat loss through roof

mingling, mixing, I 

chemical exchange /'Basalt Intrusion (p) /
I

Heat loss through floor J ! ; -

partial melt (p)

Fig. 10. Conceptual model showing how partial melting below an intruding basalt heat source could lead to the formation of hy
brid magma. Low-density melts (the ‘crustal’ component) formed in the protolith beneath may rise into and interact with the 
cooling basalt magma (/>o<pi), or get trapped and freeze at the base. In the former case, chemical (particularly isotopic) ex
change between both fluids would modify their original compositions to produce magma with a crustal and mantle component. 
The degree of hybridisation is moderated by the relevant thermal time constant (rs) for basalt solidification of ca. 4000 years.
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the case of multiple intrusions), a porous mushy 
column, can acquire the geochemical and isotopic 
compositions indicative of mixing between mantle 
and crustal melts on these timescales.

7. Conclusions

We have assessed the thermal impact of multi
ple basalt intrusions (thicknesses from 20 to 1000 
m at intrusion intervals of 20 to 30 000 years), on 
partial melting of amphibolite lower crust, assum
ing a global solidus of 822°C derived from param- 
eterisation of partial melting experiments. The ef
fects of short term periodicity in magmatically 
supplied heat on the rate and amount of partial 
melting has been quantified for a number of key 
variables including maximum (average) melt frac
tion, height of the melting column, heat flux and 
melt temperature. In terms of generating granitic 
melt, the optimal conditions tend to occur when 
the period of intrusion is similar to the thermal 
diffusion time constant for an individual intrusion 
(i.e. 1). A range of melt compositions (ex
pressed through variations in modelled La/Yb ra
tio) consistent with observed values in some Cor- 
dilleran granitoids and Archean TTD suites can 
be derived from a uniform source composition 
model amphibolite protolith by altering the vari
able R. Any magma reservoir that forms through 
partial melting of mafic lower crust is likely to be 
of high aspect ratio and transient. For the case of 
single discrete intrusions, heat loss through the 
lower boundary of the intrusion may led to par
tial melting and therefore limited contamination 
of the mantle-derived basalt by buoyant upwelling 
of crustal melt from below. Multiple overaccreted 
intrusions demonstrate this effect, but the influ
ence decreases with time. Underaccreted intru
sions would tend to lose relatively more heat 
from the lower boundary. Irrespective of their 
size, single, one-off intrusions will generally pro
duce less crustal melting than periodic intrusions, 
even where individual intrusions are relatively 
thin. This implies that the more subtle, cumulative 
periodic influx of heat over a sustained but geo
logically short (200-3 X 105 years) interval of time 
leads to optimal conditions for melting mafic pro-

toliths in the lower crust continental arc (and oth
er) settings. Such a multiple intrusion mechanism 
is arguably in keeping with seismic evidence for a 
layered lower crust, and implies a dynamic, tecto- 
nomagmatic environment may arise transiently in 
the lowermost crust when melting is driven by 
intruding mantle-derived magma.

Acknowledgements

We would like to thank Jack Nolan for useful 
discussions and George Bergantz and Tracy 
Rushmer for perceptive and helpful reviews/BIT/

References

[1] A.D. Johnston, P.J. Wyllie, The system tonalite-perido- 
tite-HjO at 30 kbar, with applications to hybridisation in 
subduction zone magmas, Contrib. Miner. Petrol. 102 
(1989) 257-264.

[2] R.P. Rapp, E.B. Watson, C.F. Miller, Partial melting of 
amphibolite/eclogite and the origin of Archean trondhje- 
mites and tonalites, Precambrian Res. 51 (1991) 1-25.

[3] M.S. Drummond, M.J. Defant, A model for trondhje- 
mite-tonalite-dacite genesis and crustal growth via slab 
melting: Archean to modem comparisons, J. Geophys. 
Res. 95 (1990) 21503-21521.

[4] J.S. Beard, G.E. Lofgren, Dehydration melting and water- 
saturated melting of basaltic and andesitic greenstones 
and amphibolites at 1, 3 and 6.9 kb, J. Petrol. 32 (1991) 
365-401.

[5] T. Rushmer, Partial melting of two amphibolite: contrast
ing experimental results under fluid-absent conditions, 
Contrib. Miner. Petrol. 107 (1991) 41-59.

[6] T. Rushmer, Experimental high pressure granulites some 
applications to natural mafic xenolith suites and Archean 
granulite terranes, Geology 21 (1993) 411-414.

[7] M.B. Wolf, P.J. Wyllie, Dehydration melting of amphib
olite at 10 kbar; the effects of temperature and time, Con
trib. Miner. Petrol. 115 (1994) 360-383.

[8] C. Sen, T. Dunn, Dehydration melting of a basaltic com
position amphibolite at 1.5 and 2.0 GPa: implications for 
the origin of adakites, Contrib. Miner. Petrol. 117 (1994) 
394-409.

[9] R.P. Rapp, E.B. Watson, Dehydration melting of meta
basalt at 8-32 kbar: implications for continental growth 
and crust-mantle recycling, J. Petrol. 36 (1995) 891- 
931.

[10] K.T. Winther, An experimentally based model for the 
origin of tonalitic and trondhjemitic melts, Chem. Geol. 
127 (1996) 43-59.

[11] M.P. Atherton, N. Petford, Generation of sodium-rich



N. Petford, K. Gallagher I Earth and Planetary Science Letters 193 (2001) 483—499 499

magmas from newly underplated basic crust. Nature 362 
(1993) 144-146.

[12] J.H. Tepper, B.K. Nelson, G.W. Bergantz, AJ. Irving, 
Petrology of the Chilliwack batholith. North Cascades, 
Washington: generation of calc-alkaline granitoids by 
melting of mafic lower crust with variable water fugacity, 
Contrib. Miner. Petrol. 113 (1993) 333-351.

[13] N. Petford, M.P. Atherton, Na-rich partial melts from 
newly underplated basaltic crust: the Cordillera Blanca 
batholith, Peru, J. Petrol. 37 (1996) 1491-1521.

[14] RJ. Muir, T.R. Ireland, S.D. Weaver, J.D. Bradshaw, 
J.A. Evans, G.N. Eby, D. Shelley, Geochronology and 
geochemistry of a Mesozoic magmatic arc system, Fiord
land, New Zealand, J. Geol. Soc. London 155 (1998) 
1037-1053.

[15] C.D. Wareham, I.L. Millar, A.P.M. Vaughan, The gen
eration of sodic granite magmas, western Palmer Land, 
Antarctic Peninsula, Contrib. Miner. Petrol. 128 (1997) 
81-96.

[16] P.T. Leat, J.H. Scarrow, I.L. Millar, On the Antarctic 
Peninsular batholith, Geol. Mag. 132 (1995) 399-412.

[17] G.W. Bergantz, Underplating and partial melting impli
cations for melt generation and extraction. Science 254 
(1989) 1039-1095.

[18] A.B. Thompson, Some space-time relationships for crus
tal melting and granitic intrusion at various depths, in: A. 
Castro, C. Fernandez, J.L. Vigneresse (Eds.), Understand
ing Granites: Integrating New and Classical Techniques, 
Geol. Soc. London. Spec. Publ. 168 (2000) 7-25.

[19] M.D. Jackson, M.J. Cheadle, A continuum model for the 
transport of heat, mass and momentum in a deformable, 
multicomponent mush, undergoing a solid-liquid phase 
change, Int. J. Heat Mass Transfer 41 (1997) 1035-1048.

[20] N. Petford, M.A. Koenders, Self-organisation and frac
ture connectivity in rapidly heated continental crust, 
J. Struct. Geol. 20 (1988) 1425-1434.

[21] H.E. Huppert, R.S.J. Sparks, The generation of granitic 
magmas by intrusion of basalt into continental crust, 
J. Petrol. 29 (1988) 599-642.

[22] A.E. Patino Douce, What do experiments tell us about 
the relative contributions of crust and mantle to the origin 
of granitic magmas? in: A. Castro, C. Fernandez, J.L. 
Vigneresse (Eds.), Understanding Granites: Integrating 
New and Classical Techniques, Geol. Soc. London Spec. 
Pub. 168, 2000, pp. 55-75.

[23] J.C. Fountain, D.S. Hodge, R.P. Shaw, Melt segregation 
in anatectic granites: a thermomechanical model, J. Vol- 
canol. Geotherm. Res. 39 (1989) 279-296,

[24] T. Pedersen, N. Heeremans, P. vanderBeek, Models of 
crustal anatexis on volcanic rifts; applications to southern 
Finland and the Oslo Graben, southeast Norway, Geo- 
phys. J. Int. 132 (1998) 239-255.

[25] D, McKenzie, M.J. Bickle, The volume and composition

of melt generated by extension of the lithosphere, J. Pet
rol. 29 (1988) 625-679.

[26] D.B. Marsh, On the crystallinity, probability of occur
rence and rheology of lava and magma, Contrib. Miner. 
Petrol. 78 (1981) 85-98.

[27] P.C. Hess, Origins of Igneous Rocks, Harvard University 
Press, Cambridge, MA, 1989.

[28] J.D. Clemens, N. Petford, Granitic melt viscosity and sili
cic magma dynamics in contrasted tectonic settings, 
J. Geol. Soc. London 156 (1999) 1057-1060.

[29] G.W. Bergantz, R. Dawes, Aspects of magma generation 
and ascent in continental lithosphere, in: M.P. Ryan 
(Ed.), Magmatic Systems, Academic, San Diego, CA, 
1994, pp. 291-317.

[30] H.N. Pollack, S.J. Hurter, J.R. Johnson, Heat flow from 
the Earth’s interior: analysis of the global data set, Rev. 
Geophys. 31 (1993) 267-280.

[31] S. Uyeda, T. Watanabe, Preliminary report of terrestrial 
heat flow study in the South American continent; distri
bution of geothermal gradients, Tectonophysics 10 (1970) 
235-242.

[32] S.G, Henry, H.N. Pollack, Terrestrial heat flow above the 
Andean subduction zone in Bolivia and Peru, J. Geophys. 
Res. 93 (1988) 15153-15162.

[33] S.A. Barboza, G.W. Bergantz, Rheological transitions 
and the progress of melting crustal rocks, Earth Planet. 
Sci. Lett. 158 (1998) 19-29.

[34] H. Iwamori, D.P. McKenzie, E. Takahashi, Melt gener
ation by isentropic mantle upwelling, Earth Planet. Sci. 
Lett. 134 (1995) 253-266.

[35] R.L. Rudnick, D.M. Fountain, Nature and composition 
of the continental crust: a lower crustal perspective, Rev. 
Geophys. 33 (1995) 267-309.

[36] D.J. Waters, Thermal history and tectonic setting of Na- 
maqualand granulites. in: D. Vielzeuf, P. Vidal (Eds.), 
Granulites and Crustal Evolution, Kluwer Academic Pub
lishers, Dordrecht, 1990, pp, 243-256.

[37] B.J. Wood, D.G. Fraser, Elementary Thermodynamics 
for Geologists, Oxford University Press, Oxford, 1977.

[38] W. Hildreth, S. Moorbath, Crustal contributions to arc 
magmatism in the Andes of central Chile, Contrib. Miner. 
Petrol. 98 (1988) 455-489.

[39] M.C. Sinha, D.A. Navin, L.M. MacGregor, S. Constable, 
C. Pierce, A. White, G. Heinson, M.A. Inglis, Evidence 
for accumulated melt beneath the slow-spreading Mid-At
lantic Ridge, Phil. Trans. R. Soc. Edinburgh 355 (1997) 
233-253.

[40] D. Snyder, S. Tait, The imprint of basalt on the geochem
istry of silicic magmas, Earth, Planet. Sci. Lett. 160 (1998) 
433-445.

[41] G.N. Hanson, Rare earth elements in petrogenetic studies 
of igneous systems, Ann, Rev. Earth Planet. Sci. 8 (1980) 
371-406.



M. A. KOENDERS & NICK PETFORD

Centre for Earth and Environmental Science Research, Kingston University, 
Kingston-upon-Thames, Surrey KT1 2EE, UK

Abstracts We present an analytical model that predicts some of the mechanical effects 
associated with the intrusion and subsequent cooling of a rectangular intrusion emplaced 
at a uniform temperature into elastic continental crust. Assuming an idealized geometry 
and imtial conditions, we recover the temperature field and subsequent strain field as a func
tion of both position and time. The strain field is particularly relevant as it provides informa
tion on the primary (cooling-related) fracture formation pattern and direction within and 
immediately surrounding the pluton. We find a large strain jump across the pluton-countrv 
rock contact, implying that fracture formation should be maximized at the edges and corners 
oi the intrusion. The direction of the fractures is predominantly vertical within the pluton 
centre, but becomes progressively more inclined towards the pluton margin and into the 
adjacent country rock. Fracture orientation may depend critically on the geometry of the 
intrusion, m particular the ratio of the longest to shortest dimension L\jln,

It has long been known that phitonic rocks, cool
ing slowly beneath the Earth’s surface, develop 
distinctive patterns of jointing caused mostly by 
stresses related to heat loss accompanying the 
phase transition from liquid to solid (e.g. Balk 
1937; Norton & Knight 1977; Knapp & Norton 
1981; Segall & Pollard 1983; Gerla 1988; Velde 
et al 1991; Bergbauer et al. 1998). Fractures con
sidered to have formed while the pluton was soli
difying were first referred to by Cloos (1925) as 
cross joints, since they formed perpendicular to 
magmatic flow fabrics or flow lines. These joints 
are predominantly vertical Mode 1 (tensional) 
joints (Price 1966; Pollard & Aydin 1988). In 
granitic plutons, cross joints are commonly 
infilled either with late-stage magmatic products 
such as aplites or pegmatites (Balk 1937), or 
hydrothermal minerals including quartz, epidote, 
chlorite and muscovite (Segall & Pollard 1983). 
These observations are important, as they con- 
firm < both the magmatic provenance of the 
jointing and its ability to provide pathways for 
magmatic or externally derived fluids to enter 
and circulate through the cooling rock. Where 
these fluids are hydrothermal in origin, the asso
ciated mineralization can result in economically 
important ore deposits (Lindgren 1907; Sams & 
Thomas-Betts 1988). A further motivation for 
studying,, the formation of primary joints in 
plutons is that fractured and hydrothermally 
altered crystalline basement composed of granitic 
material is a potentially important type of hydro
carbon reservoir (Dmitriyevskiy et al 1993; 
Schutter 2003), and that primary fracture sets 
may contribute significantly to their porosity 
and connectivity (see Sanders et al 2003).

From: Petford, N. & McCaeekey, It. J, W. (eds) 2003. 
London, Special Publications, 214, 143-150. 0305-8719/C

In this short contribution, we present the 
initial results of an analytical investigation into 
the effects of intruding a hot pluton into cooler 
country rocks. Our objective was to predict the 
magnitude and orientation of thermally induced 
primary fractures as a guide to help constrain the 
identification of these structures in the field. The 
mechanical model we present is successful in that 
it predicts the local fracture orientation and 
stress field relevant to an ideal tabular pluton. 
The results form part of an ongoing study, and 
a more detailed analysis will be published else
where.

Mechanical (analytical) model for cooling 
fractare formation

As an example of primary fracture (hence perme
ability) development, we consider the specific 
case of a cooling tabular pluton emplaced 
instantaneously into continental crust. The 
mechanical effects around a cooling rectangular 
inclusion, including the temperature profile, 
the strain field and the likely fracture pattern, 
are calculated analytically. Earlier studies by 
Knapp & Norton (1981), Segall & Pollard 
(1983) and Bergbauer & Martel (1999) have 
all demonstrated convincingly that thermal 
stresses play an important role in forming joints 
in cooling plutons. An important finding (see 
also Gerla 1988) is that the initial geometry 
of the pluton is critical to the subsequent devel
opment of the stress field, hence joint pattern, 
that develops in the vicinity of the cooline 
pluton.

Hydrocarbons in Crystalline Rocks. Geological Society,
* ^ © The Geological Society of London,
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Analysis

Our thermal model begins with an isothermal, 
tabular-shaped intrusion (McCafiErey & Petford 
1997; Cruden & McCaffrey 2001), emplaced 
instantaneously into country rock at a uniform 
dimensionless temperature at time t = 0. If we 
assume for simplicity that the mechanical and 
thermal coefficients and constants in the intru
sion and country rock are everywhere the same 
(see Heuze 1983 for typical values), then the 
problem can be scaled according to geometrical 
quantities only, in effect the ratio of the longest 
and shortest dimensions L] /L\. This useful and 
important result is discussed in more detail in a 
later section.

To begin, it is necessary to solve the relevant 
energy balance relating to magma intrusion. 
This can be done easily by using the familiar 
heat conduction equation (Carslaw & Jaeger 
1959), which in two dimensions reads:

&T _ 1 dT
a*3 + V - * dr ’ ^

where k is the thermal diffusivity. For the 
temperature field to be solved as a function of 
time (r), the initial temperature distribution and 
the boundary conditions are required. While 
acknowledging that advection can play an 
important role in heat loss from intrusive 
bodies, for this investigation the key point is 
that the temperature field gives rise to a strain 
field that can result in primary fracturing as cool
ing takes place. Following Landau & Lifschitz 
(1986), the displacement field u due to changes 
in temperature in and around the cooling 
pluton requires knowledge of just two co
efficients: the thermal expansion coefficient (a), 
and the Poisson ratio (u) of the medium accord
ing to:

~ grad div u - ^ ~ curl curl u

= a grad T. (2)

The strain field that follows depends on the eva
luation of the integrals in equation (2). The solu
tion to the problem requires a rather technical set

strtl

-2 4-------------------------- 1-------------------------- 1-------------------------- »--------------------------
-2-1012

X Position

F.g. 1. du^/dxi strain for large times calculated using equation (3a). Note the negative strain (duy/dxi < 0) 
outside the L? pluton margin (blue region), and the high positive values inside the intrusion (yellow and 
orange), which increase towards the pluton margins. Intrusion dimensions are L\ = \ and Li = 0.5.



THERMALLY INDUCED PRIMARY FRACTURE DEVELOPMENT 145

of operations that for brevity are not included in 
this short note. The final form of the equations 
that relate the temperature field (equation (1)) 
to the displacement field (equation (2)) are:

du\
dxx

du2
dx2

-a(i/+ 1) 

6(^-1)
(r, - To)

X {x)Bhl{y)

+ - [tan_! (^ + tan'
7T[ \L,+x) -xj

+ tan-1 ( ft—+ tan-1 ( )

\Li-xJ \ Lx +xj )

(3a)

—ct(v + 1) 
6(^-1)

(^i - T0)

X position

Fig. 2. du\/dx\ plotted as a function of position from 
the pluton centre (x = 0.0) to its margin (x = 1.0) 
evaluated at y = 0. Note the large sudden drop in 
strain from positive to negative values across the 
pluton-country rock contact (country 
rock = x > 1.0). Z-i — 1, Z-2 = 0.5.

— I tan
7T

+ tan

dut _ -a(v+ ^(Tj - Tp) 
dx2 1 2tt(v — 1)

x In

(+ 2L| x + Z/2 + 2Z-2y + ^ + y2) ^ 
(Lf - IL^x + I*- 2L& + x1+y2) 

{L} + 2L\X + Lq — 2L2y + jc2 + y2)

\ {L\ — 2L\x + L\ + 21^ + x2 -try1))
(3b) (3c)

X Position

Fig. 3. Plot showing the strain magnitude e as a function of position for large times; L, = 1, L2 = 0.5. Values 
are lower (dark blue) in the region outside the intrusion (generally 0.2-0.4) and higher (0.7-1.0) inside the 
intrusion, increasing towards the margins and comers. Maximum values (orange spots) occur at the four 
comers, indicating the most likely site of cracking.
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where 5 is the boxcar function. Note that this set 
refers to the strain after a long period of cooling 
time. Solutions at shorter time scales, although 
easily calculated, are not directly relevant to 
this study and will be presented elsewhere.

Results

By plotting solutions to equations (3a-c) (Figs 
1-5), some key properties of the strain field due 
to thermally induced stresses in and around the 
cooling intrusion can be assessed.

Strain 11

A plot of the spatial pattern of the maximum 
strain component in the *i direction after cooling 
(equation (3a)) is shown in Figure 1. The units 
are scaled to highlight the general pattern of 
the strain and colour-coded, with blue shades 
corresponding to negative values and yellow- 
orange regions depicting high strains. The edge 
of the intrusion is clearly defined, with values 
of strain outside the intrusion generally 
-1.0 < 0ui/&cj < 0.5. The maximum strains 
(c. 1.3) are generated just inside the pluton, 
parallel with the smallest diameter margin and 
corresponding to the direction Z?. The strain dis
tribution is symmetrical around the pluton and 
controlled strongly by its geometry. Thus, strains 
in the country rock adjacent and parallel with the 
longest pluton dimension (L\) have positive 
values of c. 0.2-0.7, which increase towards the 
contact.

The changing strain profile across the pluton is 
more easily seen when plotted in one dimension at 
a constant value of y = 0. This is shown in Figure 
2. The contact between the edge of the intrusion 
(x = 1) and the country rock (* > 1) is marked 
by a large jump in strain, from a value of 1.3 
just inside die pluton (orange region, Fig. 1), to 
<0 in the adjacent country rock. The physical 
interpretation of this is that while the interior of 
the intrusion is experiencing cooling and contrac
tion, the surrounding country rock is heating up 
and undergoing compression.

Magnitude of strain

The principal strains follow from the strain tensor 
and can be found by evaluating the equation:

-(V „■:»)-* ™

This gives rise to two solutions for the parameter 
A which represent the principal strains e\ and e2. 
The magnitude of the strain e can now be defined 
as:

e = v^?+4 (5)

The magnitude of strain is shown in Figure 3 
(colour-coded as in Fig. 1), with large strains 
(2,5 >e> 3.0), developing in the vicinity of 
the four corners of the intrusion. Values are 
generally low in the country rock outside the 
intrusion (e < 0.5), but greater inside (e = 0.8- 
1.0), and highest close to the shortest pluton 
margin L2. It is perhaps worth cautioning that 
these high values are dependent largely on the 
sharpness of the corners, and that more rounded 
geometries will result in lower magnitudes of 
strain.

For fracture sensitivity it is advantageous to 
show that the ratio of the major and minor prin
cipal strain is both negative and large. To this 
end, a plot of

tV*!+«i (6)
(where the choice of and e2 is such that 
|ei | > I*:!) has been made (Fig. 4). Once again, 
the large values are always obtained near, but 
just inside, the comers of the intrusion (cf. 
Fig. 3), indicating the position where primary 
igneous fracturing due to cooling is most likely 
to occur.

Finally the directions of the minor principal 
strain can be plotted to gain an impression of 
the fracture directions as a function of position. 
To achieve this, the strain magnitude as a func
tion of position has been integrated to form 
lines. The result is shown in Figure 5. Note the 
sharp change in direction along the side of the 
intrusion, crossing the interface with the country 
rock in the dimension Li.

Discussion

Three-dimensional pluton shape and primary 
fracture distribution and direction

The above analysis rests heavily on the initial 
shape of the pluton, in particular the ratio 
Zi/Lj. This appears as a first-order effect, and 
will govern the subsequent development of 
primary fracture orientation in and around the 
intrusion, along with surface heat flow and 
style of fluid circulation (Norton k Knight 
1977; Knapp k Norton 1981; Sams k Thomas- 
Betts 1988). It is thus crucial for well-constrained
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Fig. 4. Plot of the ratio of the major and minor principal strain ((e1/e2)Ve| + e$), as a function of position for 
large times; L\ = 1, L2 = 0.5. Fracturing is most likely where the strain ratio is negative (and large), in this 
instance the comers just within the pluton. Only the comer of the intrusion is shown for clarity.

estimates of pluton shape to be derived before a 
proper assessment of the important fracture 
orientations and associated permeability features 
can be calculated. In recent years, the traditional 
idea of a granite pluton as a diapir has been 
challenged (e.g. Clemens et al. 1997), while an 
analysis of pluton shapes has revealed an appar
ent preference for relatively thin, sheet-like 
geometries that follow a power law (self-affine) 
size distribution of the form:

L = kr*, (7)
where L and T are pluton length and thickness, 
and a is the exponent (McCaffrey & Petford 
1997; Cruden & McCaffrey 2001). A value of 
a < 1 indicates that plutons are longer than 
they are thick in the vertical direction, and main
tain this geometry during emplacement (Fig. 6).

This relationship appears to hold even for 
batholith-sized intrusions (Petford et al. 2000). 
Supporting evidence for these largely theoretical 
models comes from the relatively few numbers of 
seismic surveys across granitic plutons (e.g. 
Evans et al. 1994; Brown & Tryggvason 2001), 
and recent gravity modelling (Haederle & Ather
ton 2002), showing that the geometry of‘granitic’ 
basement reservoirs may not be a collection of 
diapiric structures but rather a series of relatively 
thin (c. 1-5 km thick) sheets.

Given the sensitivity of primary fracture distri
bution and direction on pluton shape, it is clearly 
important to constrain this as accurately as 
possible prior to modelling thermally induced 
fracture orientations. For example, we would 
predict a pattern of largely radial to tangential 
primary fracture sets around the margins of a
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X position

FI*. 5. Predicted primary fracture directions as a function of position for large times (L, =1,1^ = 0.5). Note 
that the direction is margin parallel inside the intrusion and the sharp deflection predicted at position x = 1 
across the pluton-country rock contact. Fractures outside the pluton are always inclined to L^.

Elongate •

Tabular

Log L (km)

Fig. 6. Plot showing the measured thickness (T) versus length (L) for 159 plutons and laccoliths of different 
ages and from varying tectonic settings. The line a = 1 marks the divide between tabular and vertically 
elongated intrusion geometries. All intrusions plot below the line a = 1 in the tabular (a < 1) field (McCaffrey 
& Petford 1997; Petford et al. 2000).



THERMALLY INDUCED PRIMARY FRACTURE DEVELOPMENT 149

strongly curved diapiric or highly ballooned 
pluton. Previous numerical studies (e.g. Knapp 
& Norton 1981) on plutons with high prescribed 
aspect ratios (n > 1 in Fig. 6), have stressed the 
potential role of magma and pore fluid pressure, 
in addition to thermal stresses, in generating 
cracks, and have shown a marked dependency 
in fracture orientation with intrusion depth. It 
is thus encouraging that our model, predicting 
relatively low primary fracture densities in the 
cores of tabular plutons, is consistent with the 
observation of Balk (1937) that many pluton 
interiors are notably free from joints unless 
they have been extensively deformed by sub
sequent tectonic processes. A strong test of the 
tabular geometry model would be field observa
tions showing primary fracture orientations con
sistent with the directions indicated in Figure 5. 
Our initial results suggest that fracturing, and 
by implication, primary fracture permeability, 
will be highest along the margins and at the 
comers of tabular plutons. However, we 
acknowledge that the link between a theoretical 
description of likely sites of fracture development 
during monotonic cooling, and actual fracture 
permeability as measured in the field, is far 
from complete. Future refinements to our 
model will include a more complete considera
tion of the role of pluton shape in governing frac
ture patterns around cooling intrusions (e.g. 
Bergbauer et at 1998).

Summary

A first-order estimate of the magnitude and 
direction of fractures that form during the cool
ing of a granitic intrusion from an initial intru
sion temperature has been made. When scaled, 
the problem depends on geometry of the intru
sion, expressed by the ratio L1/L2. Assuming 
an initial tabular geometry, we find that most 
of the strain due to thermal contraction is 
taken up at the edges of the pluton and the 
immediate contact with surrounding country 
rock, and primary (igneous) fracture porosity 
will be highest in these regions. In contrast, the 
central part of the pluton remains relatively 
undefonned and fracture porosity due solely to 
cooling will be lower. The primary direction of 
fractures in a monotonically cooling pluton is 
vertical, parallel with the intrusion margins, 
although fracture orientations diverge away 
from the vertical in the country rock immediately 
adjacent to the pluton walls.
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Controls on primary porosity and permeability development in
igneous rocks
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Abstract: Some of the more important processes leading to the development of primary 
igneous porosity due to the cooling and crystallization of magma are reviewed, A distinction 
is made between volcanic and plutonic rocks, and crystalline and granular volcanic material. 
Porosity in each rock type is classified according to a proposed effective length scale and 
geometry into diffusive (Class D) and macroscopic flow (Class F) features. Estimated 
ranges in values of porosity and permeability are given for a wide selection of igneous 
rock types, and comparison is made with permeability variations (Ak) derived for both the 
continental and oceanic crust. While fracture porosity is dominant in most crystalline 
materials, primary porosity development may play an important role in the final (total) 
porosity in igneous basement. Some types of primary porosity and permeability in igneous 
rocks will be strongly time* and scale-dependent due to thermal effects associated with the 
emplacement and cooling of magmas and volcanic material. Tectonic reworking of the 
primary petrophysical properties of basement-forming igneous rocks may be significant in 
the development of regions of anisotropy and enhanced porosity.

Crystalline basement comprises a wide range of 
rock types formed under quite different geo
logical conditions, of which igneous rocks, both 
plutonic and extrusive (volcanic), form an impor
tant component (e.g. Landes et al 1960). Once 
in-situ, basement rocks collectively are exposed 
to tectonic stresses that will form discontinuities 
and other zones of elevated fluid transmissivity at 
shallow levels in the Earth’s crust (Odling 1997). 
However, material properties alone will mean 
that different igneous lithologies will respond 
differently to applied stress, and that bulk petro
physical properties, including porosity and per
meability, will differ accordingly (e.g. Zhang & 
Sanderson 1996). Importantly, igneous rocks 
can develop a primary (or intrinsic) porosity 
and permeability during their crystallization 
that, if preserved, would contribute to the 
transport and storage of fluids in the subsurface. 
A particularly important class of primary 
structures is joint sets that form in and around 
plutons due to internal stresses related to cooling 
and crystallization of magma (Gerla 1988; 
Bergbauer et al, 1998). Joints produced in this 
way, and implications for fluid flow and 
mineralization in and around plutons, have 
been the subject of numerous earlier studies, 
notably those by Norton & Knapp (1977) and 
Norton & Knight (1977), Segall & Pollard 
(1983), and more recently Bergbauer & Martel 
(1999).

Some primary features, notably cooling 
joints and fractures, may act as a template by 
localizing structures formed in the rock mass

during subsequent tectonic deformation. This 
theme is developed more fully for the special 
case of a tabular-shaped intrusion in a compa
nion paper (Koenders & Petfbrd 2000). How
ever, it is also true that not all primary 
porosity in igneous rocks is fracture porosity 
(Chen et al. 1999). Thus, in an attempt to 
provide a frame of reference for further investi
gations, it is proposed that primary igneous 
porosity and permeability be assigned to one 
of two general classes in accordance with the 
effective lengthscale of the relevant transport 
process.

This article sets out to identify and classify 
some of the more common examples of primary 
igneous porosity and permeability features 
relevant to fluid transmissivity with reference to 
hydrocarbon exploration and production. ‘Pri
mary’ in this context is defined as those features 
formed entirely during the emplacement and 
cooling of magma or pyroclastic flows and 
preserved in the solid state. While distinct from 
secondary porosity that results from weathering, 
hydrothermal alteration, tectonic stresses and 
mineral dissolution by percolating groundwater 
(processes not addressed here in detail), the two 
are nevertheless complementary and closely 
associated. I begin with a brief review of the 
permeability of crystalline crustal material, 
followed by a generalized classification of pri
mary porosity features in igneous materials 
based on an earlier model first proposed by 
Norton & Knapp (1977). The scheme is illu
strated with field examples of primary porosity

From: Petford, N. & McCaffrey, K. J. W. (eds) 2003. Hydrocarbons in Crystalline Rocks. Geological Society, 
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and permeability in volcanic and plutonic rocks 
from a range of tectonic settings.

Crystalline basement and crustal 
permeability

Before considering in detail the types of porosity 
and permeability features that can develop locally 
in igneous rocks, it is helpful first to view the 
problem from a wider perspective. A number of

investigations into the permeability of the Earth’s 
crust, both continental and oceanic, have been 
made in recent years (for two comprehensive 
reviews, see Fisher 1998; Manning & Ingebritsen 
1999), with a view to constraining permeability 
variation with depth. The data presented by 
Manning & Ingebritsen (1999), based on a com
parison of in-situ geothermal measurements 
from deep drill holes, core analysis, heat flow 
modelling and metamorphic hydrology, show 
that in general, permeability decreases with

0 1 2 3 4 5

Continental crust

Oceanic crust

I.OOIZ~ 600-

1000-

1200- •

Fig. L Plot of the variation in crustal permeability expressed as A£c as a function of depth for two profiles 
through the continental and oceanic crust, constructed from data presented in Manning & Ingebritsen (1999) 
(continents) and Fisher (1998) (oceans). The variation in A/r is well described for both continental and ocean 
crust by the exponential relationship y = a t~ix, where the coefficients a = 4.44 and 3.15 (r = 0.994), and 
b = 0.04 and 1.04 x 10-3 (r = 0.552) for the continents and oceans respectively. Note the large difference in 
depth scale between plots.



CONTROLS ON PRIMARY POROSITY AND PERMEABILITY DEVELOPMENT 95

depth, or increased confining pressure, following 
a quasi-exponential decay defined (in log form) 
as:

log* =—14 —3.2 log z, (1)
where k is permeability in metres squared and z is 
depth in kilometres, giving a mean value of 
permeability in the upper crust of c. 10-16m2 
(but see also Brace 1984; Clauser 1992; Townend 
& Zobak 2000 for compilations that give differ
ent values). Additionally, Townend & Zobak 
(2000) have proposed that intraplate continental 
crust is in a state of failure equilibrium, with pore 
pressures that are close to hydrostatic and criti
cally stressed faults that limit its strength. Their 
conclusion that permeability in the upper 10 km 
is c. 10“17 to 10-16m2 requires the brittle crust 
to be effectively permeable over timescales of 10 
to 1000 years.

Figure 1 shows the observed variation in the 
range of log permeability, defined here as A*, 
with increasing depth. The relationship between 
A* and z in the continental crust (*c) can be 
expressed according to the following exponential 
relationship:

A*c = 4.4 e-0 047. (2)
The parameter A*c ranges from 4.5 at z = 1 km 
to 1.5 at z = 30 km (Fig. 1). For comparison, in 
the oceans, the picture is less clear, with a wide 
range in permeability (*0) close to the surface 
that decays to a relatively uniform value of c. 
10~l7m2 at depths > c. 600m (Fisher 1998). A 
rough estimate of this variation is given by:

A*0 = 3.15e-ooolz. (3)

Although a relatively poor indicator (r = 0.552), 
equation (3) predicts that the permeability varia
tion becomes asymptotic for z > 3500 m. The 
much wider scatter in values in oceanic crust 
compared to the continents is simply a reflection 
of the higher resolution and shallower depth 
interval (the former represents only c. 5% of 
the depth of the continental profile, Fig. 1). 
Indeed, studies of sedimentary basins in the 
upper continental crust (z < 5 km) show a similar 
permeability (A*c«104) variation in sedi
mentary basins (Ingebritsen & Manning 1999). 
Although a full understanding of the causes of 
variation in crustal permeability with depth is 
still incomplete, two interesting features relevant 
to this study can be extracted from these data. 
First, despite their widely differing depth profiles 
and sampling intervals, the maximum variation 
in both layers is similar (4,2 < A* < 4.5). 
Secondly, as the oceanic crust is comprised 
almost entirely of young igneous material, it 
can be argued that much of the variation in

A*o is due to an intrinsic, or igneous, porosity 
and permeability, albeit modified by sea-floor 
tectonic processes. The possible cause of this var
iation is reviewed later. However, it is tempting 
to conclude that similar variations are present 
in igneous continental crust on the hectometre 
scale, but are averaged out due to the larger 
scale of observation and its much greater mean 
age.

Porosity classification In igneous rocks

The majority of primary porosity and permeabil
ity development in igneous rocks, regardless of 
their emplacement level, develops as a result of 
physical and chemical processes that accompany 
the cooling of magma. However, in contrast to 
sedimentary rocks, little work has been done to 
classify the likely range of primary igneous por
osity or to determine the relevant lengthscales. 
Most published work relating to the transmissiv
ity of fluids in crystalline rocks is to be found in 
the hydrology literature (e.g. Evans & Nicholson 
1987; Ingebritsen & Scholl 1993; Manga 1997; 
Burgdorff & Goldberg 2001), or in studies relat
ing to fracture mineralization (e.g. Roberts et al. 
1998; McCaffrey et al, 1999). Furthermore, as 
fracture permeability in general is dependent 
strongly on the stress conditions in the crust 
during uplift and burial (Zhang & Sanderson 
1996), a distinction between fractures formed 
during cooling of magma, and those generated 
afterwards by regional tectonic stresses, may 
not at first seem necessary. However, some 
recent offshore exploration studies have con
cluded that primary fracture sets in igneous base
ment may contribute significantly to the porosity 
of hydrocarbon reservoirs (see Sanders et al. 
2003).

From the analysis of Norton & Knapp (1977), 
and more recent work by Sanford (1997), two 
principal modes of fluid transport are envisaged 
to take place in igneous rocks, irrespective of 
composition: (1) flow along macro fractures, 
and (2) interfracture diffusion. Following 
Norton & Knapp (1977), the total porosity 
(<Aotai) in fractured media can be conveniently 
expressed as the sum of the various porosity 
fractions, that is:

^total = 0F + 0D + (4)
where the subscripts F, D and R are the flow, 
diffusion and residual (non-contributory) 
porosity, respectively. While this is a good 
description of the storage properties of crystal
line rock, not all igneous materials capable of 
transmitting fluids are crystalline. Examples
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TaM* 1. Ckusificatim of primary porosity in igneous rocks according to class (see text for definitions)

p Volcanic Plutonic

Granular Crystalline

Class D Grain size variations 
k x to particle diameter

Vesicles
k independent of bubble diameter

Vesicles
Miarolitic cavities
Magmatic foliations

Class F Bedding/layers
Cron lamination

Flow/unit tops
Columnar joints

Cooling joints
Internal contacts 
PhrtoB-country rock contacts

include unconsolidated ash and tuff deposits, and 
layered and bedded granular flows. Thus, a more 
general classification is proposed to cover all 
igneous rocks, regardless of mode of emplace
ment. This is achieved most simply by expanding 
upon the petrophysical categories termed Class 
D (=* tfo) and Class F (= +r) corresponding 
with the aforementioned diffusion and flow por
osities. Diffusion (Class D) porosity in this con
text refen to those regions of the rock mass 
where diffusional transport exceeds that of fluid 
flow. These conditions may occur in zones of dis
continuous or small aperture fractures, and dis
continuous port space (Norton & Knapp 1977). 
Flow porosity (Class F) is characterized by con
tinuous port features including planar joints, 
lithological contacts, faults and bedding planes. 
In the nomenclature of flow regimes proposed 
by Bickle * McKenzie (1987), Class F would 
equate with advective transport while in Class 
D, advection is negligible. In practical terms, 
on production timescales, only Class F regions 
will flow.

In the following section, the primary igneous 
porosity and permeability in a range of 
conunon volcanic and phitomc igneous rock 
types are assessed by class (Table 1). Estimates 
of the likely range in petrophysical properties 
of each class, based on a literature survey, are 
summarized in Table 2.

Volcanic rocks: crystafline

Crystalline volcanic rocks comprise lavas and 
high-level dykes and sills. The magma* that 
cool to produce these rocks encompass a wide 
range in viscosity, from c. lO'-lO2 Pa s for basalts 
to >10*Pas for some silica-rich rhyolites, and 
initial gas (volatile) contents may comprise 
several weight percent of the magma (e.g. Burn
ham 1979). The interaction between these two 
magmatic properties results in a diverse range 
of lava flow morphologies and subsequent petro
physical properties. For example, volatile species 
can escape much more easily from low viscosity

TaUt 2. Compilation showing the general range of values of primary porosity (fi) and 
permeability (k) in igneous rocks derived from various methods htchuBng pump, core, disk, 
drawdown, fracture m*d heat flow modelling.

Volcanic Plutonic

Granular Crystalline

CkssD d 10-60% 0.1-1% 0.01-1%

k 10“-10,2m2 IQ-^-lO-14 m2 7
Class F d 15-23% 1-25% 10_‘-1%

k
20-30*/*
I0'“-I0“,2m2 10-,4-10-9 m2

0.3-17% 
io-2,-i<r,m2 
I<rt2-10r* rtf1

Note: AS original vmlum of k aow expressed in metres squared for coasistmcy and sase of 
comparison (1 darcy * ~l pm2). Data from: Norton ft Knapp 1977; Freeze ft Cherry 
1979; Cm ft Wright 1917; Dnutrycveslriy et al. 1993; Chen et al. 1999; Zhu ft Wong 
1999. Available secondary values (italics) due to hydrothermal alteration and weathering 
are ako shown.
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Fig. 2. Permeability-porosity variations in vesicular volcanic rocks (Holocene-Pleistoccne basaltic andesite and 
scoria. Cascades, USA). Only the scoria shows a dear relationship between porosity and permeability (after 
Sarr ft Manga 1999), implying that the empirical Kozney-Carman model may not hold for vesicular material.
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magmas, resulting in higher concentrations of 
vesicles (unfilled gas cavities) contributing to 
primary diffusion porosity in basaltic rocks 
compared to rhyolites. Freeze & Cherry (1979) 
report values of permeability in the range lO-14 
to 10~9 m2 for vesicular basalts.

Diffusive porosity (Class D)

Primary porosity consists mainly of vesicles 
resulting from exsolution of magmatic volatiles 
(most commonly H20, C02 and S02) during 
cooling. Because the gas is less dense it has a ten
dency to rise, resulting in higher concentrations 
of vesicles at the top of the flow. Analysis of 
primary and secondary porosity and permeabil
ity in hydrocarbon-bearing basalts from the 
Tertiary Liaohe basin, China, reveals that 
cavity volumes range from 10 to 50% and are 
widely interconnected (Chen et al. 1999). Clearly, 
the higher the initial gas content of the magma, 
the better the primary porosity is likely to be.

Permeability (k) porosity (0) relationships 
have been investigated recently in vesicular 
basalts by Sarr & Manga (1999). Interestingly, 
measured values of these parameters did not 
follow according to empirical Kozney-Carman 
models of permeability in granular materials 
where k oc mean particle size (e.g. Dullien

1992). Instead, it was shown that the permeabil
ity of vesicular rocks is controlled not by particle 
(in this case bubble) size, but by the aperture 
spacing between the bubbles. Figure 2 shows a 
plot of porosity versus permeability for five sam
ples analysed by Sarr & Manga (1999). With the 
exception of the high porosity (>40%) basaltic 
scoria (10-13 m2 < k < 10"11 m2), the other lava 
types plot in distinct clusters, implying that the 
rock microstructure is governing both k and <f>.

Flow porosity (Class F)

The most obvious discontinuity capable of 
exploitation by fluids in buried lavas and net
works of sills is bedding planes. It is well 
known that much of the observed heterogeneity 
and anisotropy in the permeability of upper crus
tal rocks is due to contacts between planar layers 
(Manning & Ingebritsen 1999), which can be 
several orders of magnitude greater than the 
orthogonal permeability. Broadly planar con
tacts between individual lava flows can be 
laterally continuous on the scale of tens to hun
dreds of kilometres (e.g. Columbia River basalts, 
USA; Deccan Traps, India). The tops of lava 
flows are often regions of high vesicle concentra
tion, thus providing a spatial link within the pile 
between Class F and Class D porosity features.
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Flf.3. Weathered contact (Red Bole) between two Tertiary basalt lava flows (Isle of Skye, Scotland). In the 
absence of any well-defined fracture or columnar jointing, one-dimensional flow porosity (^>h ) parallel to 
bedding and diffusion porosity (4p) domains in the vesicular top of the lower unit are indicated.

This relationship can be further exploited where 
secondary fracture porosity (tectonically 
induced) connects with gas cavities to unprove 
reservoir quality (e.g. Chen el al. 1999). How
ever, the surfaces of lava flows are especially 
prone to surface weathering (Fig. 3). These 
highly weathered zones are characterized by 
extensive alteration of basalt to a fine-grained 
mixture of clays that can extend tens of centi
metres from individual bedding contacts, and 
could act to lower fluid transmissivity by redu
cing the flow porosity or flow channel. Lava 
tubes, a more exotic megapermeability feature 
in active lava fields such as Iceland and Hawaii, 
are unlikely to be preserved intact at depth.

Columnar joints provide another example of a 
primary igneous flow porosity related to initial 
cooling of magma (DeGraff A Aydin 1993). The 
joints develop layer by layer in response to thermal 
stresses building up behind the solidification front 
(Weaire & O’Carroll 1983), and occur in both 
basaltic and acidic rocks, often where magma 
interacts with ponded water (Lyle, 2000). Colum
nar joints can be discontinuous and locally devel
oped within a flow, or pervasive and penetrative 
throughout Clearly, a multi-sided pervasive joint 
network exposes a much greater surface area

within a rock mass to a percolating fluid than a 
simple line discontinuity, resulting in a highly 
anisotropic porosity in the vertical direction (e.g. 
Fig. 4). Unfortunately, this geometry may lack 
the degree of connectivity required for high levels 
of permeability in tectonically fractured rocks 
(Shimo A Long 1987). In passing, it should be 
noted that the interaction of volcanic material 
with surface waters or hydrothermal fluids (in 
epithermal environments) can lead to localized 
hydrofracturing and breedation, often accompa
nied by mineralization (Phillips 1972). The altered 
rock mass represents a zone of weakness that may 
preferentially accommodate strain during any 
later episode of tectonic deformation.

Volcanic rocks: granular

Granular volcanic rocks are emplaced at the 
Earth’s surface by either violent gas-charged 
eruption or gravitational failure of a volcanic 
edifice. In many ways they are a more exotic 
kind of clastic sediment and amenable to all the 
tools of the trade employed by sedimentologists. 
There is a large database of technical literature 
on the various types and modes of emplacement
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Top surface of the c. 2-3 m thick Tajao phonolite ignimbritc, Tenerife, showing metre-sized, 
subpolygonal cooling cracks. These structures are good examples of Class F porosity in predominantly 
granular volcanic rocks.

of volcaniclastic and pyroclastic deposits and the 
interested reader is referred to relevant texts (e.g. 
Cas & Wright 1987).

Diffusive porosity (Class D)

A number of detailed studies have been made on 
the petrophysical properties (including porosity 
and permeability) of granular volcanic rocks. 
As with other granular materials (but unlike 
crystalline volcanic rocks), diffusive porosity in 
volcaniclastic materials is governed by the 
familiar Kozney-Carman relationship where 
the porosity is proportional to the particle size. 
Initial values of porosity in granular volcanic 
materials can exceed 50% (Williams & McBimey 
1979 and Table 2).

Flow porosity (Class F)

As with clastic sediments, volcanic deposits can 
be bedded and internally layered on a range of 
scales. Graded bedding and cross-stratification 
within individual units are common, and may 
account for much of the 104 variation in

permeability reported by Winograd (1971) from 
a single ash flow tuflf. The most obvious differ
ence between volcanic sediments and their clastic 
counterparts relates to the temperature of 
emplacement. For example, many pyroclastic 
flows and some air fall deposits are emplaced at 
the surface at temperatures in excess of several 
hundred degrees Celsius. These may undergo a 
series of syn- to post-depositional processes 
such as welding and compaction, that while ana
logous to diagenesis in sediments will reduce 
significantly any initial magmatic (Class D) 
porosity on timescales of hours to days (Cas Sc 
Wright 1987). In particular, zones of dense weld
ing and compaction in some high-temperature 
ignimbrites can reduce the initial magmatic 
porosity by a factor of two (Fig. 5). However, 
welding can also result in the development of 
columnar jointing (Class F), implying that the 
primary petrophysical properties of some pyro
clastic flows may evolve in scale rapidly with 
time. These rapid (days to years) temporal and 
scale variations in the primary petrophysical 
properties of igneous rocks are a common 
theme that sets them apart from sediments, 
where in general deposition and diagenetic 
changes take place on geological timescales.
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Flf. 3. Porosity-density versus depth variations in the 
Bishop Tuff welded tgnimbrite, USA. Bulk density 
increases and primary porosity is reduced to a 
minimum in the central part of the deposit, 
corresponding to the zone of most intense apparent 
welding and compaction (after Ragan ft Sheridan 
1972).

Plutonic rocks

Plutonic rocks, cooling slowly inside the crust, 
develop patterns of jointing that differ from 
those formed in lavas and higher-level intrusions 
emplaced at or near the Earth’s surface. The 
major porosity features in plutonic materials 
are fractures formed either during cooling or by 
later tectonic processes (e.g. Gerla 1988; Pollard 
& Aydin 1988). A strong influence on the style 
and extent of deformation is the temperature 
contrast between the intruding magma and

surrounding country rock. For a given depth of 
emplacement, the temperature difference will be 
greatest where the invading magma is mafic in 
composition. The initial composition of the 
magma also plays an important role in secondary 
porosity development, with mafic plutonic rocks 
including gabbro and peridotite containing 
olivine and calcium-rich plagioclase feldspar 
being relatively more susceptible to the effects 
of weathering than most felsic plutonic rocks.

Diffusive porosity (Class D)

Primary grain-size porosity features in coarse
grained plutonic rocks are not as rare as one 
might think, given the crystalline nature of the 
material and mode of formation. For example, 
Norton ft Knapp (1977) investigated the conti
nuity, relative size distribution and location of 
the pore space in a porphyritic and equigranular 
granite. Measurements from the porphyritic 
sample suggested that the pore size is bimodally 
distributed between individual grains, with c. 
30% of the pore volume located around pheon- 
crysts (Fig. 6a). In contrast, the equigranular 
rock shows a markedly different pore to grain- 
size distribution, with a higher cumulative pro
portion of pores larger than the largest grain 
size (Fig. 6b).

Other primary features are miarolitic cavities, 
gas escape structures similar to vesicles in volca
nic rocks. The development and extent of miaro
litic cavities in plutonic rocks will depend on the 
initial volatile content of the magma and the con
fining pressure at time of emplacement. High 
initial magma gas contents and shallow levels 
of emplacement thus favour cavity formation. 
In a recent study, Ohtani et al. (2001) describe 
a novel method using X-ray computed tomogra
phy (CT) to image the three-dimensional shape 
and distribution of miarolitic cavities in the 
Kakkonda granite, NE Japan. Estimated poros
ities are c. 0.9%. Exploration drilling has shown 
that distribution of strained and elongated 
cavities near the roof of the pluton apparently 
coincides with a region of elevated hydrothermal 
fluid flow, emphasizing the potentially important 
contribution of miarolitic cavities to the flow 
porosity.

An important feature in many granitic plutons 
is a primary magmatic flow fabric, defined by the 
alignment of early-formed minerals in the liquid 
during emplacement. The timing and tectonic 
significance of these fabrics still attracts consider
able attention (Hutton 1988; Vernon 2000). Fol
lowing Cloos (1925), the key point is that because 
they form before the magma has completely



CONTROLS ON PRIMARY POROSITY AND PERMEABILITY DEVELOPMENT 101

•>

Porphyrltic
Porosity ^Mineral

0.063 0.125
Length (mm) | Phenocrysts

b)

Porosity Mineral

0.063 0.125 5 1.0
Length (mm)

Flj. 6. Cumulative percentage porosity as a function of grain size for two granite samples (porphyritk and 
equigranular) from the Schultze pluton, Arizona: (a) Porphyritic granite, showing the convergence of both 
curves (mineral size and porosity) at the largest and smallest size intervals, suggesting that the pore volume is 
located bimodally around the phenocrysts (>4 mm), and the smallest grains (<0.1 mm), (b) Equi granular 
granite, showing only one domain of porosity associated closely with mineral size (after Norton A Knapp 
1977).

solidified, they introduce an anisotropic ‘grain’ 
into the rock that can be exploited by later, 
more brittle processes associated with porosity 
development. This is shown in Figures 7 and 8,

where a very strong, closely spaced joint pattern 
(Class F) in a granite pluton from the Andes of 
Peru has formed in the plane of the initial mag
matic foliation (Class D). The rock has a flaggy
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Fig. 7. Closely spaced sheet joints (generally <10 cm), 
in the Cordillera Blanca hatholith, Peru, formed in 
the plane of an earlier synmagmatic foliation and 
‘embracing the flow fabric’ as defined by Ooos 
(1925). *

appearance (Fig. 7), with later joint development 
guided by the presence of planes of weakness 
defined by mineral alignments (principally bio- 
tite) in the rock mass (Fig. 8). Slickensides 
along the fracture openings show that some 
component of oblique (Mode II or III ) failure 
was involved in joint formation (Petford St 
Atherton 1992). As with bedding planes, such 
discontinuities impart to the rock potential path
ways for fluid and mass transfer.

Finally, initial magma composition plays a role 
in subsequent secondary porosity development in 
plutons via feldspar dissolution. In particular, the 
more An-rich cores of plagioclase crystals, along 
with some k feldspar, are prone to alteration by 
deuteric processes resulting in a secondary 
porosity commonly associated with kaolin miner
alization (Bristow 1993; Psyrillos 2003). In some 
granites, dissolution porosity may exceed 20% 
(R. Maddox, pers. comm.). Mineral replacement 
ptocesses that generate interconnected porosity 
can lead to reaction-enhanced permeability that 
may provide important local pathways for

migrating fluids in metamorphic rocks (see 
Putnis 2002).

Flow porosity (Class F)

One of the earliest studies of fractures in plutonic 
rocks is the seminal work by Cloos (1925), 
followed soon after by the equally masterful 
Structural Behaviour of Igneous Rocks (Balk 
1937). Cloos classified naturally occurring joint 
systems in granitic plutons into three major 
categories related to primary flow foliations 
common in most granitic plutons: (1) vertical 
cross-joints, at right angles to the magmatic 
flow direction, (2) longitudinal joints, parallel 
with the strike of the magmatic foliation, and 
(3) primary flat (sheet) joints that ‘embrace’ the 
flow fabrics (Cloos 1925 and Figs 7 and 8; see 
also Price St Cosgrove 1990, chap 3). Evidence 
that the cross-joints formed while the magma 
was still consolidating is seen in the form of 
late-stage aplite and pegmatite veins that com
monly infill these joint sets (Fig. 9).

The veracity of cooling joints that form in the 
magmatic state is dependent strongly on the 
temperature contrast (A 70 between the intrud
ing magma and surrounding country rocks 
(Knapp St Norton 1981; Gerla 1988). The 
strain (*) due to contraction (shrinkage) in the 
cooling pluton is tensile, and can be estimated 
from e = o(AT), where a is the thermal expan
sivity (see Koenders & Petford 2003 for a more 
through analysis). The steeper the thermal 
gradient, the greater the thermal stresses and 
more intensive the joint formation. It thus fol
lows that cooling joints will be best developed 
in hot plutons emplaced at high crustal levels. 
This in turn implies a compositional control, 
as mafic magmas are hotter by up to several 
hundred degrees centigrade than their felsic 
counterparts. In fact, composite batholiths, 
emplaced at the same depth, show a range in 
cooling fractures that clearly relate to rock 
composition (Pitcher 1993), and possibly grain 
size as well (Sanders et al. 2003). Clearly, the 
maintenance of high permeability requires that 
the primary fractures remain open to fluid 
transport. Against this is field and experimental 
evidence showing that circulating fluids can 
reduce the permeability in fractured granites 
by sealing up the fracture network to values 
close to that of the intact rock (Moore et al. 
1994; Morrow et al. 2001). However, primary 
fractures will impart zones of weakness in the 
rock mass that can be reworked by later tectonic 
deformation, and breaking fracture seals (Olsen 
et al. 1998).
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Fig. 8. Close-up section showing the initial magmatic foliation plane m the granite (Class D), overprinted by 
later sheet jointing (cf. Fig. 7).

Fig. 9. Subvertical, late-stage (magmatic) cross-cutting aplite veins in the margin of the Cordillera Blanca 
batholith, Peru. Note that dilational (Mode I) failure is indicated at the intersection of the two narrower veins 
(numbered 1-3 in order of intrusion), and the unfilled fracture (F) parallel to 1, terminating in the lower half of 
the image.
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Effects of weathering

Many of the primary igneous porosity and per
meability features described above will be 
modified by weathering at the surface prior to 
reburial. Weathering will either enhance or 
reduce the ability of the rock to transmit fluids. 
Examples mentioned already include alteration 
of the upper surfaces of lava flows (Fig. 3) and 
feldspar dissolution porosity. An important 
point is that the weathering process is often 
acting upon an original primary igneous porosity 
feature relating directly to magma composition. 
Initial mineralogy is a prime example of this 
(cf. peridotite and granite weathering), but 
other examples include the etching out of 
pumice fragments in ignimbrites and other volca
nic rocks, and the opening up of fracture seals 
infilled with secondary hydrothermal minerals 
prior to exposure. Indeed, intense (sub-tropical) 
weathering of primary magmatic fractures in 
granitic rocks now lying offshore in parts of SB 
Asia appears to have been a major contributing 
factor in the ability of these materials to act as 
hydrocarbon reservoirs after subsequent reburial 
(Dmitriyevskiy et al. 1993).

Discussion

Relative importance of flow, diffusion and 
residual porosity

Norton & Knapp (1977) give estimates of the 
diffusion and total porosities for a number of 
crystalline volcanic and plutonic rocks that 
allow an examination of the relative contribution 
made by each to the overall transport properties 
of the material. Some of their data relevant to 
this review are reproduced in Figure 10, which 
shows the laboratory measured diffusive porosity 
(i^d) and the accompanying total porosity (4>j) 
for rhyolites, dacites and three plutonic rocks 
(diorite, quartz monzonite and granite). While 
these values are averages of a relatively small 
number of analyses (n < 10), they nevertheless 
provide some useful insight into porosity devel
opment in these materials. For example, they 
show that while the diffusion porosity (Class D) 
is a small fraction of the total porosity (of the 
order 10-3 to 10-4), it is largest in the two 
volcanic rocks (Fig. 10a), which also have largest 
total porosities. Norton & Knapp (1977) also 
give information on hydrotherraally altered
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Fig. 10. Plots stewing the average (filled circles) and range in values of diffusive (a) and total (b) porosity for 
selected volcanic (rhyolite and dacite) and plutonic (quartz monzonite, diorite and granite) rock types. Note the 
rhyolites and dacites have the highest average diffusive and total porosities (after Norton A Knapp 1977).
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samples, showing that the altered rocks both 
have higher and compared to their 
unaltered equivalents. Using equation (4) and 
knowledge of the total rock porosity, it is 
possible to estimate the relative amounts of 
Class D to Class F porosity for the plutonic 
and volcanic rocks shown in Figure 10. For 
example, taking the total porosity of the quartz 
monzonite sample of c. 5% (Fig. 10b) and a 
diffusion porosity of c. 10"3, then the flow 
porosity can be estimated from = ^tota[ - 0D 
as M).049, easily the largest contributing 
porosity. Similar calculations can be made for 
the two volcanic rocks, which again show the 
dominance of on ^totai' However, this presents
a misleading picture. Measured values of on a 
range of natural granites suggest a maximum 
range in flow porosity of ICTMO-8. Taking an 
average of c. 10-5 for the flow porosity gives a 
new total porosity of just 0.1%. The remainder 
(from equation (4)), must be the residual poros
ity, ^r, those pores not connected to 0F or 

Thus, following the earlier conclusion by 
Norton & Knapp (1977), provided the low 
values of flow porosity are typical ones, then 
residual porosity must comprise greater than 
90% of the total porosity. One exception may 
be where plutonic rocks contain strong primary 
magmatic foliations (Figs 7 and 8). Information 
on metamorphic rocks (Manning & Ingebritsen 
1999), has shown that diffusive porosities are 
increased parallel with bedding and foliation 
planes by between two and seven times, thus 
reducing the contribution to the total porosity 
made by unconnected pore space. This observa
tion lends support to the assertion made earlier 
that synmagmatic fabrics in plutonic rocks may 
provide templates for regions of enhanced poros
ity in the solidified rock.

Permeability

Some estimates of primary permeability in 
igneous rocks are given in Table 2, based on a 
compilation of sources including core measure
ments, heat flow modelling and in-situ (reservoir 
scale) heat flow measurements. Secondary values 
(due to weathering) are shown in italics. The 
limited data suggest that Class F permeability 
may be higher in crystalline than in granular 
volcanic rocks, and that the effects of weathering 
can decrease the range in plutonic rocks. As 
noted earlier, it seems likely that domains of 
flow porosity govern the permeability of igneous 
rocks. However, it is unclear from the available 
data whether such domains (Table 2) occur on 
a scale large enough to affect the permeability

of an entire reservoir. It should also be noted 
that laboratory measurements on core samples 
from the brittle upper crust (e.g. Huenges et al. 
1997) may underestimate the true permeability 
by several orders of magnitude (Townend & 
Zobak 2000).

Preservation potential

To what extent is the primary porosity and per
meability of igneous rocks preserved intact 
during burial? Most granular volcanic rocks are 
likely to suffer a fate similar to sediments, with 
a rapid drop-off in porosity and permeability at 
relatively shallow levels. However, the greater 
strength of igneous rocks is likely to make them 
more resistant to crustal loading and compaction, 
allowing the preservation of primary porosity 
and permeability to greater depths than their 
surrounding sediments (Schutter 2003a,b). The 
wide variation in permeability close to the surface 
in both continental and oceanic crust, and in 
general above the brittle-plastic transition (Fig. 
1) requires that a large degree of heterogeneity 
(and associated anisotropy) is maintained in 
crystalline basement, a significant proportion of 
which may reflect inherent, primary igneous 
porosity and permeability.

Summary

Igneous rocks can develop a wide range of pri
mary porosity and permeability features formed 
during cooling and emplacement that may con
tribute significantly to the bulk transport and 
storage properties of crystalline basement. Two 
broad classes of porosity, diffusive (Class D) 
and flow (Class F), define first-order petro
physical features of igneous materials, irrespec
tive of composition or mode of emplacement. 
As identified in previous studies, megascopic 
fractures formed during cooling of magma 
either at the Earth's surface or at depth are 
probably the most important type of porosity 
feature. Both classes can be modified by weather
ing at the surface and tectonic deformation to 
improve their transport and storage properties 
through increased connectivity. Primary porosity 
and permeability in igneous rocks may vary 
strongly in time and scale due to thermal effects 
that induce changes analogous to diagenesis in 
sedimentary rocks on timescales as short as 
hours to weeks. As the absolute values and pre
servation potential of both classes are not yet 
well known, it may be unwise to pursue hydro
carbon exploration in an igneous environment
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by treating it u generic material with average 
properties.
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Quantitative analysis and scaling of sheared granitic magmas

M.A. Koenders and Nick Petford
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Abstract. We present a quantitative treatment of the 
macroscopic behaviour of a sheared granitic magma using 
Biofs theory [Biot, 1941] and a shear-dilatancy sensitive 
material model for the solids. The calculations are relevant to 
a magma in the solidosity range 0.55-0,7. Tire resulting excess 
pore pressure distribution is a function of the position and the 
time. Results are presented in graphical form. A scaling 
emerges that enables the results to be presented in non- 
dimensional form. A sensitivity study is carried out of the 
parameters describing the rheology of the solid matrix 
(including penneability features). The model enables the 
estimate of pressure and flow rates, thus opening a way of 
understanding the features in the granite crystal mush that are 
caused by upflowing magma. At high strain rates (lO"10^"1) 
flow rates due to shear far exceed melt movement due to 
buoyancy effects.

1. Introduction
Since the work of [Arzi, 1978] and [Van der Molen & 

Paterson, 1979] there has been a fair amount of qualitative 
classification, identifying possible mechanical events of 
theologically identifiable zones in magmas. These have been 
variously defined as the Rheological Critical Melt Percentage 
(RCMP) or the Critical Melt Fraction (CMF). The CMF has 
classically been used to describe the transition of granitic 
magmas from a viscous fluid at low crystal contents (<-40%, 
say) to an ‘elastic solid’, where movement is primarily 
resisted by a skeletal matrix of touching grains (eg. [Wickham, 
1987]). Subsequent workers have applied this concept to the 
development of the elemental shapes and their packing 
characteristics in granitic rocks, particularly along pluton 
margins, speculating on the physical state of the magma 
during emplacement-related deformation (eg. [Hutton, 1988; 
Boitchez et ah, 1992; Paterson et aL, 1998]). More recently, 
[Vigneresse et al, 1996] have questioned the validity of a 
uniform CMF, proposing instead that during the fransition 
from a liquid to a solid magmas will encounter two 
rheological thresholds, one at 55% - the rigid percolation 
threshold - and the other at 72-75% solids - particle locking 
threshold (perhaps more accurately termed the particle 
mferlocking threshold). The transition from rate-dependent to 
elasto-plastic behavior is known to depend upon the applied 
strain rate, as has been determined in laboratory experiments: 
[Dell'Angelo & Tullis, 1988]. This prompts the question 
whether the viscous behaviour of the pore fluid plays a role in 
the (shear) stress controlled deformation process. In this paper 
the theory by [Biot, 1941] is employed to get an answer. The
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assumption behind Biot’s theory is an elasto-plastic skeleton 
of porous solids and a strictly viscous pore fluid. Naturally, it 
is possible that the skeleton itself displays rate-dependent 
behavior, but this effect is left out here, though it may be 
supplied at a later stage as a refinement, along with more 
general formulations of the rheology of the grain skeleton [cf 
Zienkiewicz, 1990].

A major source of uncertainty in the current models to 
describe the various rheological transformations in magmatic 
systems undergoing deformation is that they are still largely 
qualitative (eg. [Vigneresse et al., 1996, Paterson, 1998]) and 
while capable of providing descriptive accounts, are unable to 
explain the macroscopic behaviour of the melt-crystal mixture 
as it deforms. Note especially that the interplay between the 
skeletal deformation and the flow of the pore fluid is 
essentially time-dependent and part of the problem is the 
estimate of the time-scale of the consolidation effects. This 
cannot be done by narrative means, but requires the solution 
of the relevant differential equations. The latter, however, 
require input parameters and thus the problem has been 
shifted towards uncertainty about these.

One element of this contribution is the presentation of a 
mathematical model for fabric and texture development during 
the deformation of densely packed granitic magmas (as yet 
this phenomenon has not attracted any attention from other 
researchers in this field); the other element consists of the 
application of this model in Biot’s theoiy for deformable 
poroelastic media. The latter consists of an extension of the 
linear-elastic, isotropic relations used by Biot, to include the 
effects of dilatancy under deviatoric - in the case calculated 
here, pure shearing - motion. Use has been made of recent 
insights in the behaviour of deforming granular media, 
notably with regard to structures formation [Kuhn, 1999]. A 
material deformation model, idealised to a set of constant 
moduli to simplify the modelling, based on the appearance of 
structures under deviatoric loading has been developed 
recently by [Koenders, 19971]. Its key feature, as far as this 
paper is concerned, is the coupling of pure shearing stress to 
volumetric strain. While this effect is well-described in the 
experimental soil mechanics literature - for example [Arthur 
and Phillips, 1975] - the linear-elastic isotropic model does 
not of course permit such a feature. The equations of linear 
poroelasticity capture many of the important parameters of 
deforming magmas including the average melt displacement, 
melt (fluid) pressure, permeability and the set of general 
moduli of the solid framework. In the engineering literature 
the coupling of shear stress to volume strain has been 
described phenomenologically to calculate the fluidization of 
immersed packed beds [Koenders andSellmeijer, 1992].

2. Granular materials
In a recent paper by [Kuhn, 1999] it was demonstrated by 

means of numerical simulation (using the popular and well-
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tested BALL program by [Cundall and Strack, 1979] that the 
main deformation mechanism in a granular medium with 
elasto-frictional interparticle interaction is one of sliding along 
conjugate planes that are orientated in a honeycomb pattern 
which is symmetric about the major principal stress direction.

This finding did not come entirely unexpectedly: a study of 
the deformation of a general heterogeneous medium with 
evolving stiffriesses shows a similar pattern, [Koenders, 
19972]. A granular medium and a solidified magmatic 
material with medium-dense solidosity are excellent examples 
of a heterogeneous material with stifihesses that evolve 
according to a deviatoric evolution rule. In this way the ‘old’ 
double shearing models by [De Josselin de Jong, 1971, 1977] 
and [Spencer, 1964], models that were generally meant to be 
valid only in the vicinity of the flow regime (that is, post- 
‘failure’), have been given a new lease of life. These models 
assume a pure sliding mechanism, coupled with material 
rotation. A model that preserves the idea of double shearing, 
but extends its validity to pre-failure stress ratios, was put 
forward by [Koenders, 19971]. The model gives quite accurate 
predictions of induced anisotropy and dilatancy and in 
addition produces a failure mode direction at top stress ratio 
that is often measured in dry granular materials, [Arthur and 
Dunstan, 1982]. Under pure shear it predicts dilatant 
behaviour as a first order effect (a number of second order 
effects such as creep, internal plasticity of the solid 
constituents themselves, fluid compressibility and non- 
Newtonian viscosity features are neglected). This is the 
underlying model for the treatment here. The mathematical 
details of the micromechanics are in feet not terribly relevant 
as long as the phenomenology of dilatancy associated with 
shearing is represented.

The model is entirely incremental. The displacement in the 
x-direction is denoted by u, in the ^-direction v. Time 
differentiation is denoted by a dot. Call the incremental 
stiffness tensor a and the skeletal stress rate &'. A special 
case is considered that is relevant to the (idealised) geometry 
of the problem treated below: a two dimensional 
approximation of an infinitely extended horizontal layer with 
boundary conditions prescribed at the top and bottom. This 
problem is independent of x and the incremental stress-strain 
relation takes the general form

., 3u dv
Ga =a‘m d^*1122 ~dy 

., oil dv

., du dv
&zx = a2212 ~Z~+ ai222 ~

dy oy

(la)

(lb)

(lc)

If in the material the principal stress directions coincide with 
the coordinate axes, the moduli aun , aI222 and a^n vanish, 
but the state of interest in this paper is one in which a shear 
stress continually increases.

The total stress is o, = <t’ - p5t, where p is the excess pore 
pressure. The stress equilibrium requires that daJdx^O, 
which for a problem that does not depend on x results in:

<r'yy-P = <*(*)

Finally Biot’s equation for the consolidation of a fluid 
flowing through a porous material (porosity n) with position- 
dependent permeability k(x) takes the special form:

dy) H dt oy (3)

where /?’ represents the fluid compressibility. In what follows 
the matrix will be assumed to be much more compressible 
than the fluid and in that case the first term on the right hand 
side may be neglected.

The problem can be recast in a computationally more 
amenable form. First eliminate Szi/dy from Equation (1):

^m_c(r) +
ami

f
<*2222

V
a22nai222 | ^

ami J (4)

Then eliminate dv/dy from (2) and (3) to yield one equation:

_d_
dy

f
*(>)?

dy
= d{t) + p- -c{t) (5)

This equation has general validity, but note that generally 
speaking the components of the incremental stiffness tensor a 
depend on the position and on time.

3. Mathematical model
The composition of the layering is assumed to be as 

follows. Broadly speaking three zones are identified: (1) a 
lower zone where the solid particles are packed in such a low 
solidosity (< 0.5) that they hardly touch, (2) a middle zone 
(thickness D) where the solidosity is in the region 0.55-0.7 - 
in this zone particles are packed so densely that interlocking is 
common, but at the same same time the interconnectivity of 
the pore space is such that magma flow can take place, (3) a 
top zone with solidosity > 0.7; in this zone the stiffnesses are 
very great and the permeability is virtually zero as no 
substantial interconnectivity is present. The model that is used 
here is relevant to the middle zone where there are dilatancy 
effects and the magma can seep through the pore space.

The shear is applied according to a loading programme. A 
number of simplifications are introduced. These are such that 
the middle zone is approximated as one of constant material 
properties and the behaviour of the top and bottom zones are 
represented by suitable boundary conditions. The top layer is 
so impermeable that no flow takes place here, thus at the top 
of the middle layer dp joy = 0 . The bottom layer is so 
permeable that it behaves approximately as a fluid and 
therefore the excess pore pressure at the bottom of the middle 
zone vanishes.

The modelling assumptions permit an analytical solution. 
The solution is primarily intended to be used to study 
parameter sensitivity.

Introducing the following convenient abbreviations

= W (6)

(7)
a!212

1 _______ a!212______
a\ avma2222 ~ a22\2a\222where c(r) and d(t) are time dependent constants.

(2a)

(2b)

(8)
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Then equation (5) reads

K^rT = —(p-Rc{t)) (9)
qy a,

with boundary conditions p(D) = 0 and dp/dy(S>) = 0 .
Assume that the shear stress increases linearly with time: 

c{t) = , with c0 a constant, one finds:

/7(y,/) = /?c0|r-^(-l)" 

[ n=0

«=0

Pi
+ t erfc

erfc
' a N Un-Jt 4———e 4'J

{2yJtJ Jn

(10)
with

an = (D-y+2Dn)/Jk~al and /3n =(D +y+2Dn)/ylk0al

Solutions for short and long times are easily obtained:
/ -» 0 :

ooc,ii

X

t-
(a] )
—+ / erfc
l2 J V

24t

t^-oo: p(y,t) = Rc0
D2 - y2 

2k0a[

(11)

(12)

The latter represents a quadratic pressure profile through the 
middle zone. This simple result is obtained at the end of the 
consolidation process.

t =0.5

o. -0 3 -

t =4.5

t =2.5

Figure 1. Top: the scaled excess pore pressure as a function of 
scaled position at various scaled times. Bottom: the scaled 
excess pore pressure at y = 0 as a function of the scaled time.

millimetres, leaving a time scale of the problem of some 
106 -108 s (10-1000 hours). Note that the time constant of the 
problem is independent of the shear rate c0. The latter 
determines the scale of the pressure and is also manifest in the 
flow rate k0 dp/dy .

4. Material parameter scaling
A natural scaling is present. All length scales can be 

represented as fractions of D: y = yD\ and all time scales as 
fractions of D'i{ktat): t = t'D'i(ktat). The excess pore pressure 
furthermore scales as p= pRcfi'Kk,^) and the auxiliary 
variables a„ and /?„ as «. =a'DiJkzai and p, = p\Di^ktax .

A graphical representation of the scaled version of formula 
(10) is presented in Figure 1 (top). It is seen that the 
magnitude of the pore pressure attains a maximum before it 
settles down to its asymptotic value. This effect is most 
pronounced at the impermeable boundary and is also plotted.

6. Pressure and flow rates
The flow rates at the beginning and at the end (the steady 

state) of the process are now estimated in the vicinity of 
y = D/2 . Here a, = Di(2jk.tax) and the outcome is:

r 0: kn — = ~
dy \6a,y[n

1-8/*-exp

/ -»co: £0 — =
0 dy

-DRc0
2(3,

1
ist7 (13)

(14)

5. Time constants
Typical values for the time constant of the process are now 

estimated. The maximum value of the pressure at the top of 
the region is obtained at f, = i.6D’/(ik,a,). The permeability 
depends on the granular length scale d and the magma 
viscosity tj and is of the order of Fd2 /ij, with the factor F in 
the range 0.001-0.1 [Pugliese & Petford, 1996] . The stiflhess 
is the dilatant modulus for a densely packed granular material 
and in the range 107 -109 Nm~2. So, if the viscosity is of the 
order of Itf Nm~2s, the time constant is of the order 
r0 eO.oiD1/*/1. Now the length scale of the problem is of the 
order of hundreds of metres, while the diameter of the 
granular features may of the order of centimetres or

Clearly the flow rate is of the order of -DRca /(2a,).
Both pressure and flow rates depend on the choice of shear 
stress rate c0. Typically this value is of the order of the 
product of the principal modulus ami and the shear rate e0. 
The former is in the range 108 -lO10 Nm'2, while the latter is 
strongly dependent on the type of loading that is being 
considered. Estimates are made on the basis of assumptions 
about the order of magnitudes of the various parameters.

Tectonic loading: the shear rate is of the order of 10'u s'1. 
The typical pressure scale Rc0D2 /{k0a]) is in the order of 
magnitude of etrtamiD'/(Fd'a^K The flow rate is of
the order of De0am2 /a, « KT" -10'“ ms'1

Emplacement loading: the shear rate is of the order of 
10',0s~‘, eg. [Fernandez & Castro, 1999]. The typical
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pressure scale is comparable to the weight of some 100 m of 
rock, in the order of magnitude of e,i7o1IIID7(Fdlfll)*I0‘ -io' Mr’. 
The flow rate is of the order of De^annfay ^lO-' -10"" ms'1 
(order metres per year).

Earthquake loading: in this case the loading time is very 
short; the shear rate is of the order of 10'J . The typical
pressure scale Rip'/{kp) is in the order of magnitude of 
e'Tja^p'/(Fdlat)* iou -io”. Only a fraction of this pressure is 
reached however, depending on the duration of the load. The 
flow rate is of the order of De^Ja^i-o.ims-' again 
ameliorated by a very small fraction depending on the length 
of time of the quake. The factor is typically in the order of 
r/f„ , where ris the duration of the quake.

7, Discussion and conclusions
Other authors, e.g. [Barboza & Bergantz, 1996] have put 

forward theories that result in flow rates of the order of 
millimetres per year (or less) and these were associated with 
buoyancy effects. The same order of magnitude is recovered 
here in connection with average tectonic strain rates. These 
figures lead to very small flow rates during the cooling times 
of a typical pluton and cannot explain the unmistakable flow 
effects that have been observed in the field [Blumenfield & 
Bouchez, 1988; Brun et al., 1990; Nicolas, 1992], The fluid 
flow rates predicted at higher shear rates could be an 
explanation for the observed phenomena (notably the structure 
alignment of phenocrysts); the flow obviously will be particle- 
laden and it is perfectly possible that the solid matrix acts as a 
filter which would result in the deposition of the larger 
grainsizes of the crystal content in the flow. As far as we are 
aware no other likely quantitative theory describes them.

The model presented here in principle also has application 
to melt extraction; it has been pointed out by [Vigneresse et 
al, 1996] that there is a kinship between the problem treated 
here and the extraction problem. Future work will include an 
analysis of the latter as well as the development of more 
sophisticated models that take into account space and time 
dependence of the constitutive parameters in the model. 
Higher dimensional applications will also be considered.
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Abstract. Granitic (and other) magmas with crystal con
tents between 50 and ca.70% are expected to show dilatant 
behavior during deformation. The grain size at which the 
magma has been crystallised is shown to be relevant to the 
development of excess pore pressure at continued shearing. 
The reigning pressure regime is compared to the stresses re
quired for fracturing of the skeletal dements. At rates of 
loading in excess of average tectonic rates (> IQ-14 s’"1), 
shear-induced dilation in granitic magmas with high soli- 
dosities (crystal contents >50%), can lead to fracture. The 
available excess skeletal pressure at a given strain rate is a 
function of two coupled parameters, grain size and tortuosity, 
with higher skeletal pressures favoured by smaller mean par
ticle size. Our analysis suggests that the common occurence 
of brittle-like features thought to have formed in the mag
matic state during pluton crystallisation can only be achieved 
where strain rates (emplacement loading) are at least of the 
order 10“13 s-1 or greater, consistent with similar estimates 
of strain rates during pluton emplacement based on field stud
ies. © 2001 Elsevier Science Ltd. All rights reserved

1 Introduction

Field studies of granitic rocks show that magmas can undergo 
significant amounts of brittle-like deformation during crys
tallisation (e.g. Pitcher* Berger, 1972; Bouchez etal., 1997; 
Fernandez and Castro, 1999a). An analysis of the mechan
ical behaviour of the solid-fluid mixture (magma) involves 
assessing: (1) the rheology of the solid (presumed granular) 
skeleton, (2) the rheology of the interstitial melt in the mush 
and (3) a piece of mechanical theory to capture the interac
tion between the two. The result of the analysis is then the 
spatial and temporal distribution and magnitude of stresses, 
flow and deformation characteristics that feature in the sys
tem as a function of the boundary conditions and choice of 
rheological parameters. A quantitative, physical model that
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operates in this way has the advantage that the discussion is 
shifted away from assumptions about qualitative features of 
the mechanical mechanisms to one that is concerned with the 
rheology and governing global deformation regime. Both of 
these are to a large extent open to experimental and field ob
servation.

Changes in rheology of the solid skeleton during deforma
tion are, however, still poorly constrained (e.g.Vigneresse ex 
ai, 1996). Recently, Koenders & Petford (2000) have ex
tended the theory of Biot (1941), describing the viscous flow 
of fluid through a stressed, porous elastic solid during defor
mation to include changes in skeletal volume (dilatancy) as
sociated with shear, an effect not naturally present in isotro
pic, linear elastic theory. Calculations are relevant to magmas 
with between 50 and 70% crystals (porosity range 0.50-0.30) 
and a scaling emerges for describing the skeletal stress and 
excess pore pressure distribution as a function of the position 
and the time.

In this contribution we focus our attention on the rheologi
cal behaviour of the crystal framework during deformation in 
an attempt to determine under what conditions and (constant) 
rate of loading the framework is likely to fail in a brittle man
ner, We assume that loading of the system is due to magma 
emplacement. Despite the complex mechanical response of 
the mixture, we show that; 1) two linked material param
eters, grain size and tortuosity, exert a fundamental control 
on the stress change in the solid crystal skeleton, and 2) lo
calised failure of the consolidating magma is only likely to 
occur when the strain rate exceeds 10~12 s-1.

2 Granular Materials

A crystallising magma with medium-dense solidosity is an 
excellent example of a heterogeneous material with a stiff
ness that evolves according to a deviatoric evolution rule 
(Koenders and Petford, 2000). The main deformation mecha
nism in a heterogeneous granular medium with elasto-frictio- 
nal interparticle interaction and an evolving stiffness is one
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of sliding along conjugate planes, orientated in a honeycomb 
pattern which is symmetric about the major principal stress 
direction (Koenders, 1997; Kuhn, 1999). Such models as
sume a pure sliding mechanism, coupled with material ro
tation. In this model, the granular mass has organised itself 
into more or less rigid domains, the boundaries of which are 
rough; a fraction of the contacts between the domains may 
slip. The fraction depends on the value of the stress ratio. 
Under pure shear it predicts dilatant behaviour. This is the 
underlying model for the treatment here. Mathematical de
tails are given in Koenders and Petford (2000) but we note 
that they are in fact not terribly relevant as long as dilatancy 
is produced in shearing.

2.1 Dilatancy

Dilatancy is commonly observed in tests on granular mate
rials under low stress (low in the sense that the elastic mod
uli of individual grains are small compared with the over
all skeleton stress, ensuring that the constituents of the solid 
framework remain virtually undeformed). The effect causes 
the medium to expand, implying that pore space becomes 
available for the pore fluid. There is some debate as to what 
exactly causes die effect The traditional view (due to Rey
nolds) is that the granular mass organises itself in such a way 
that the grains ride up against each other. Rowe (1962), has 
further formulised Reynolds idea. A modification of his the
ory has been put forward by de Josselin de Jong (1977) using 
the double shearing model (see also Spencer, 1964), requir
ing that rough, rigid domains ‘self-organise’ as the material 
is deforming. Studies by Cundall et al, (1982) using com
puter simulations of the granular medium have not been able 
to verify the details that are required of the double shearing 
model. The fact that some form of self-organisation must 
take place is not in doubt. Koenders (1997) has shown that 
any evolving heterogeneous medium displays structures for
mation and, using the same theory applied to the simulations 
of Cundall et at., (1982), the essential deformation features 
can be reproduced. The numerics of this work have been 
done by Kuhn (1999) and both approaches are summarised 
in Koenders et at. (2001).

3 Mathematical Formulation

The total stress acting on the systems is aXJ = - p6tJ,
where p is the excess pore pressure and c* is the skeletal 
stress (Terzaghi, 1943). The vertical coordinate is y, the 
two horizontal coordinates are x and z. The stress equi
librium requires that dax3(dxx = 0, which for a problem 
that does not depend on x and z results in — c(t) and 
avv * P — <*(0. where c(t) and d(t) are time dependent 
constants. Biot’s equation for the consolidation of an in
compressible fluid flowing through a porous material with 
position-dependent permeability fc(x) takes the special form:

where v is the displacement of the granular material. Tune 
differentiation is denoted by a dot. Although Biot’s theory 
describes well the mechanical behaviour of soils under com
paction, it does not take into account the coupling between 
volume strain and shear stress that in granular materials re
sults in dilatancy. Koenders and Petford (2000) give a mod
ified form of Eq. (1) that takes into account the effects of 
coupled shear strain and volume stress. The reader is re
ferred to this for a full treatment of the mathematical details, 
as only an abbreviated version is given below. The model 
is incremental, and by assigning fixed material properties for 
the permeability and stiffness of the solid phase, Eq. (1) can 
be rewritten as:

*»&=£<*-**» (2)

where p is the excess pore pressure, c is the shear rate, R 
is a non-dimensional constant of l and a is a stiffness mea- 
sure.The permeability is assumed to be constant (k = fc0X 
and depends on the granular length scale d, melt viscosity 7} 
and tortuosity F, according to Fd?/i). The range of F in ana
logue and natural systems is discussed in more detail below. 
Under appropriate boundary conditions p(D) — 0 (there is 
no excess pore fluid pressure at the bottom of layer thickness 
D), and dp/dy(Q) = 0 (the layer is impermeable at the top), 
Eq. (2) can be solved analytically, and the sensitivity of the 
important permeability terms d and F the deforming magma 
with respect to applied strain can be assessed.

4 Material Parameters

Both grain size and tortuosity are key parameters in the per
meability of the porous medium. The other relevant param
eters are mostly porosity and grain-related, with the stiffness 
of the grains another important factor. Concerning grain stiff
ness, experiments on civil engineering materials such as sand 
and gravel show that there is a weak dependence on grain 
size (d) that is proportional to d7”, with 0.1 > m > 0.3 
(Koenders, 1980). The stiffness components of these ma
terials also depend strongly on the porosity and the applied 
isotropic stress. A further factor may be that the contact rhe
ology between the grains is roughness dependent. Thus, al
though it is difficult to generalise on this issue, the perme
ability sensitivity is severe and worth further investigation.

4.1 Grain size

Grain size variations have been shown to be important in gov
erning the bulk transport properties of igneous porous me
dia during both melt extraction (e.g. McKenzie, 1984; Pet
fbrd, 1995; Puglisese and Petford, 1997), and crystallisation 
(e.g. Brandies and Jupart, 1987; Cashman and Marsh, 1988; 
Marsh, 1996; 1998). Numerous empirical models, reviewed 
extensively in Dullien (1992) suggest a general relationship 
between grain size and permeability. The Kozney-Carman 
relationship is often used in soil mechanics and filtration lit-
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Fig. 1. Plot showing the sensitivity of tortuosity (F) on panicle size (d). 
Porosity (n) Axed at 40% and melt viscosity 10s Pa s.
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Fig. 2. Tortuosity (F) as a function of porosity (n) for various percentages of 
fluctuations in packing density in a hypothetical granular framework (after 
Koenders and Williams, 1992). Shear-induced dilatancy (SID) in magmas 
is predicted in the region 0.3 < n < 0.5.

craturc, where tortuosity, grain size and porosity (n) are re
lated to the permeability according to:

Fn3cP
tril-n)’* (3)

Quite deliberately a new symbol for the grain size d is in
troduced, as the outcome depends much on the precise def
inition of the mean particle size in a hetrodisperse medium 
where the dw the average by number, the median value or 
any weighted mean are all possibl lengthscales. The exact 
choice of description has obvious implications for the value 
of the proportionality constant F. The general relationship 
between average grain size and permeability according to Eq. 
(3) is shown in Figure 1.

4.2 Tortuosity

Tortuosity is a fundamental property of flux lines (stream
lines) in conducting porous media that measures the devia
tion from the macroscopic flow path of an invading fluid at 
every point, and is discussed at length in literature on porous 
media flow (e.g. Dullien, 1992; Clennell, 1997; Brown et 
al„ 1999). However, tortuosity is not a true pore structure 
parameter, rather it is a feature of one-dimensional models. 
Bear and Verruijt (1987), aiming to give anisotropic proper
ties to the permeability, define F in terms of a second rank 
symmetric tensor:

Ftj = jj— I (xt - xqj)VidS (4)

where, with reference to an averaged region of centre xo, 
S\Y\y is the fluid portion of the bounding surface, v is the 
outwardly directed unit normal and Uow is the volume occu
pied by fluid. Bear and Bachmart (1967) define the relation
ship between permeability and F as:

(5)

where B is the hydraulic conductance of a pore channel at 
a given position. Note that in this case B is a volume aver
aged property and as such will not give an accurate estimate 
of permeability where the cross section of the channel varies 
along its axis (see Dullien, 1992, p. 3L1 for more detailed 
discussion). In Eq. (5), tortuosity is represented in the in
verse sense of LfLe where L is the true path length.

4.3 Estimates of F in analogues and natural samples

Estimates of tortuosity exist for laboratory tests relating to 
industrial filters, sands and gravel. A range is given in Koen
ders and Williams, (1992). These concern round materials 
(where no anisotropy is assumed to be present), and yield a 
value of F of 0.0035 dk 0.0005. These authors also show 
from theory a strong dependency of F on fluctuations in par
ticle packing density. Lindquist etal. (1996) give estimates 
based on microtomography measurements of 0.18-0.91 for 
the Berea sandstone. Figure 2 (adapted from Fig. 3, Koen
ders and Williams, 1992), shows the predicted theoretical 
variation in F as a function of porosity (n) for various per
centage fluctuations in packing density. Over the porosity 
range of interest (i.e. the range in which granitic magmas are 
likely to be most sensitive to shear-induced dilation) of 0.3 
to 03, estimated values of F range from ca. 10“3 to 10“2, 
with the range in tortuosity increasing with solidosity (Fig. 
2).

Unfortunately, there are currently no estimates of the likely 
range of fluctuations in particle packing density in natural 
magmas. There are however some published measurements 
of tortuosity in igneous and metamorphic rocks. For exam
ple, Pugliese and Petford (1997) report values of 0.49-0.9 for 
granitic veins in micro granular enclaves, while Brown et al. 
(1999) give values of 0.17 to 0.45 in migmatites. Compared 
with analogues and the theoretical values shown in Fig. 2, 
both sets of values are high, reflecting near-linear, channel 
geometries more akin to discrete fractures than flow path-kij — BFXj
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Fig. 3. Relationship between excess skeletal pressure (pascals) and strain 
rale for three grain diameters of 1 mm. 3 mm and I cm (melt viscosity and 
tortuosity Axed at 10s Pa s and 0.001 respectively). Smaller mean grain sire 
results in higher skeletal pressures at a constant rate of loading Unconfined 
room temperature tensile and compressive strengths of common rock types 
shown for reference (data from Lockner. 1993).

ways in porous beds. We consider such high values are un
likely to reflea the true tortuosity in porous, deforming mag
mas and suggest values in the range 10“4 < F < 10-2 are 
more appropriate.

5 Results

Given the above, we are now in a position to test the sensi
tivity of deforming granitic magma to changes in mean grain 
size and tortuosity over the relevant porosity interval. Our 
results are concerned only with changes in excess pressure 
in the solid granular framework (skeleton); influences on the 
local flow mechanism will be addressed elsewhere.

5.1 Grain size effects

Figure 3 shows a plot of skeletal pressure as a function of 
strain rate in a deforming magma with a fixed melt viscosity 
of 10* Pa s, typical of granitic compositions (Clemens and 
Petford, 1999). The tortuosity of 0.001 corresponds to a ca. 
20% fluctuation in packing density (cf. Fig. 2). The stiffness 
parameter ai has been held fixed at 107 Pa and R = l. Three 
curves show the effects of reducing the average grain size 
of the deforming skeleton from 1 cm (large) to 1 mm. Also 
shown for reference are the measured (room temperature and 
pressure) tensile and compressive strengths of natural rocks 
(Lockner. 1995). Curves that fall within one or both fields are 
likely to result in failure (fracture) of the skeleton framework, 
and possibly individual grains.

It is apparent that grain size has a large effect on the inter
nal excess pressure that develops in the crystal mush as a con
sequence of dilatancy during shear, with higher excess pres
sures developing in magmas with smaller mean particle size 
at any given rate of strain. At assumed tectonic strain rates

Compn**iw failure

107Pa

strain rate (s'1)

F»g. 4. Plat showing the mHuence of tortuosity on excess skeletal pressure 
as function of strain rate at constant grain size (3 mm) and fixed melt vis
cosity The more tortuous the framework (F — 0), the higher the pressure 
at constant loading Region of rock failure as in Fig. 3

(10”14 s-1), only crystal frameworks comprised of small 
grain sizes (1 mm) are at excess pressures close to failure 
(ca. 10b pascals). However, increasing the strain rate above 
10-14 s-lresults in an increase in the excess pressure in the 
framework for all mean grain sizes. At the higher rates of 
loading (ca. 10-13 s-1 to 10“10 s~l) accompanying the em
placement of some granitic plutons (e.g. John and Blundy, 
1993; Karlstrom ct al., 1993; Nyman et al., 1995; Fernandez 
and Castro, 1999b), granular frameworks with a mean grain 
size of between 5 and 10 mm may be able to fracture. For 
example, increasing the strain rate acting on a skeleton with 
a mean grain size of 10 mm from 10"14 s_1 to 10~12 s-1 
results in a two order of magnitude increase in the skeletal 
pressure (ca. 0.04 - 1 MPa), equivalent to a factor of 10 de
crease in mean grain size. An extreme case is given for 1 mm 
sized particles, where at strain rates of 10“10 s-1 the excess 
pressure in the framework is of the order of 10 GPa, two or
ders of magnitude greater than the predicted upper limit of 
compressive failure.

In summary, the larger the mean grain size in the deform
ing skeleton, the lower the skeletal pressure likely to develop 
in the dilatant solid framework at a given rate of loading.

5.2 Tortuosity effects

Figure 4 is a plot showing the effect of tortuosity as a function 
of imposed strain rate on the excess pressure in the skeleton 
framework for two values of F (0.001 and 0.01). Grain size 
and melt viscosity are fixed at 5 mm and 105 Pa s respec
tively. As with grain size (cf. Fig. 3), there is a positive 
relationship between strain rate and excess skeletal pressure 
for a given value of tortuosity. For a fixed rate of loading, 
smaller values of tortuosity yield higher skeletal pressures, 
with a factor of 10 decrease in F resulting in an approximate 
order of magnitude increase in excess pressure. At assumed 
tectonic strain rates (10-14 s-1), the skeletal pressure is at
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least one order of magnitude below the representative fail
ure field. However, at higher rates of loading, failure of the 
mush may occur where strain rates exceed ca. 3 x 10“13 
s-1 (F - 0.001) and 10“12 s_1 (F = 0.01) respectively. At 
highest rates of loading (10”10 s-1), the excess pressure in 
the framework may exceed 4 x 10® pascals for F = 0.001, In 
summary, the lower the tortuosity, the higher the excess pres
sure developed in the skeleton at a constant rate of loading.

6 Discussion

Our analysis suggests that, all things being equal, the ex
cess pressure in the skeletal framework is more sensitive to 
changes in grain size (by an order of magnitude) than tortu
osity. Although in one sense this distinction is artificial, as 
the tortuosity of the framework is largely a reflection of the 
range in particle size, it nevertheless reaffirms the importance 
of grain size in controlling the mechanical behaviour granu
lar materials. But why is this effect so important? To answer 
this we must look at die physical effects of the mathematical 
model. A smaller mean grain size results in lower average 
permeabilities, making it harder for the granular skeleton to 
dilate during deformation. This in turn causes higher excess 
framework pressures during loading. Lower permeabilities 
also lead to reduced melt flow and upwelling rates in the 
porous region.

At small grain sizes, or for larger particles and high strain 
rates, fracturing of the framework is likely to occur, the pre
cise mode a delicate balance between grain size and applied 
strain.

the same arguments should in principle apply to any dense
ly packed magma, regardless of composition, where defor
mation results in shear-induced dilatancy. Results from a 
more wide ranging analysis of the mechanical response of 
such mixtures to loading will be presented elsewhere.

7 Summary

Using a newly developed form of Biot’s theory of poroelas- 
ticity, we have conducted a sensitivity analysis into the ef
fects of grain size and tortuosity on the mechanical behaviour 
of a consolidating granitic magma. Analytical results sug
gest that over the porosity interval 0.3 < n < 0.5, the mix
ture is susceptible to the effects of shear induced dilatancy. 
At a given strain rate and fixed melt viscosity, the highest 
excess pressures (10“3 GPa to 10 GPa) will develop in de
forming granular frameworks with the smallest mean particle 
size. Quantitative predictions suggest that changes in excess 
pressure in the framework at strain rates > 10“13 s-1 due 
to dilatancy may be sufficient to induce localised fracturing 
where the mean grain size is ca. 5 mm. This result is consis
tent with field observations documenting the commonplace 
occurrence of syn-magmatic, brittle-like features in plutons. 
As dilatant behaviour is unlikely to occur in granitic magmas 
of appropriate grain size (5-10 mm) at strain rates considered 
typical of average tectonic rates, loading rates in the range of

2B5

ca. 10“13 to 10“10 $_1 are required for magmatic fracturing 
to occur during emplacement.

Acknowledgements. We would like to thank P. Non and an anonymous re
viewer for comments that helped clarify the presentation of some of the 
technical aspects of our analysis.

References

Bear, J. and Vermijt, A., Modelling Gn/undwater Flow and Pollution. D. 
Reidcl Publishing Co. Holland, 1987,

Bear, J and Bach mat, Y„ A generalized theory on hydrodynamic dispersion 
in porous media, IASH Symp. Artificial Recharge and Management of 
Aquifers 72,7-16, 1967.

Biot, M.A.. General theory of three dimensional consolidation, J. Appl. 
Physics 12,155-164,1941.

Brandies, G. and Jupan, C, The kinetics of nucieation and crystal growth 
and scaling laws for magmatic crystallisation, Contrib. Min. Pet. 96,24- 
34,1987.

Brown, M.A., Brown, M., Carlson, W.D. and Denison. C., Topology of syn- 
tectonic melt How networks in the deep crust: inferences from three- 
dimensional images of leucosome geometry in migmadtes. Am. Mineral, 
84,1793-1818,1999.

Boochez. J,L„ Hutton, D.H.W. and Stephens, WJE„ (eds). Granite; Ftvm 
Segregation of Melt to Emplacement Fabrics, Kluwer, Dordrecht, 1997.

Cashman, K.V, and Marsh, B.D., Crystal size distribution (CSD) in rocks 
and the kinetics and dynamics of crystallisation It: Makaopuhi lava lake. 
Coturib. Min. Pit. 99,292-303, 1988.

Clemens, J.D. and Petford, N., Granitic melt viscosity and silicic magma dy
namics in contrasdng tectonic settings. J Geoi Soc. London 156, 1057- 
1060,1999.

Clennell, M B., Tortuosity: a guide through the maze, in M.A. Lovel and 
BK. Harvey (eds). Developments in Petrophysics, Geol. Soc. London. 
Spec. Pub. 122,299-344, 1997.

Cundatl, PA. Drescher, A. and Strack. O.D.L. Numerical experiments on 
granular assemblies; measurements and observations, tUTAM Confer
ence on deformation and failure of granular maienats, (Vermeer, PA. 
and Luger, H.J. eds) Balkema, Rotterdam, 355-370,1982

De Josseltn de Jong, G., Mathematical elaboration of the double sliding, free 
rotating model, Archives of Mechanics, 29 (4), 561-591,1977.

Duliien, FL.A., Porous Media: Fluid Transport and Pan Structure, Aca
demic Press, 1992,

Fernandez, C. and Castro, A., Brittle behaviour of granitic magma: the ex
ample of Puente del Congosto, Ibenan Massif, Spain in A. Castro, C. 
Fernandez and J.L. Yigneressc (eds) Understanding Granites: Integrat
ing New and Classical Techniques, Geol. Soc. London. Spec. Pub, 168, 
191-206,1999a.

Fernandez, C. and Castro A., Pluton accommodation at high strain rales 
in the upper continental crust. The example of the Central Extremadura 
batholith, Spain, J. Struct. Geol, 21.1143-1149,1999b.

John, B.E, and Blundy, J.. Emplacement-related deformation of granitoid 
magmas, southern Adamelks Massif, Italy, Geol. Soc. Am. Bull. 105, 
1517-1541,1993.

Karlstrom, K.E.. Miller, C.F., Kingsbury, J.A. and Wooden, J.L., Pluton em
placement along an active ductile thrust zone, Piute Mountains, south
eastern California: interaction between deformational and solidification 
processes, Geol GeoL Soc, Am. Bull. 105,213-230.1993.

Koenders, M A., Cyclic pore pressures in Kats' Report no CO-406625/3. 
Delft Geotechnics Laboratory (in Dutch), 1980.

Koenders, M.A., Evolution of spatially structured elastic materials using a 
harmonic density function, Phys Rev E, 56 (5), 5585-5593, 1997.

Koenders, M.A. and Williams, A.F„ Flow equations of particle fluid mix
tures, Aero Mechanica, 92,91-116,1992.

Koenders, M.A, and Petford, N., Quantitative analysis and scaling of 
sheared granitic magmas, Geophys. Res. Lett. 27,1231-4.2000.

Koenders, M.A., Caspar, N. and Tuxiin, U„ The physical effects of struc
tures formation in granular materials, Phys. Chem. Earth, 2001 (in press).



286 N. ftotford and M_ A. KMttdon: ComoUdxioo Phenomerai in Sheared Graeitic Maim

Kehu, M R., SbucMred defonnatloe in fnuwlar nechuks, H«c* ofkiat- 
riaU 31,607-429,1999.

Uedqttut, W B . Lee, S.M., Coker, D A., Jone*. K W. and Sprene, P, Me
dial axis anatysia of wid stiucbae ia three-dimentioral tonoofraphic im
ages of poms media, / Gtepkyi Res. 101, 6297-S3I0,1996

Lodcner, D.A., Rode FeUare. in: Rock Physics *td Phase Relations, (ed 
TJA. AhernaX American Ocophyaocal Union, 127-147,199S.

Manh, B.D, SoHdilendon Ihmts and mnfmanc evolwion. Min Mag, 60, 
5-40,1996.

Marsh. B.D., The mterpretaboa of ayml size dirtributkms in m^motk 
sysum. I Petwi. 39.553-599,1998

McKenzie, D., The Bcacrabon and corepncbon of pnibnlly mohea lodes. J 
Petrol, 25,713-765,1984.

Nyman, M.W., Law, RD. and Morfan. Condibons of contact metamor- 
phhnt, Papoqae Rat phbon, cnatera Califonua, USA' iinplkations for 
cootini and stain Matoriet, J. Mesomorphic Geo4 13,627-643,1995.

Pitcher, WS. and Bcrpec. A.R., The Geology of Donegal; a Study of Granite 
Emplacement and Unroofing, Wiley latesscicacc, New York, 1972

Petfood, N., Segrefarion of tcmarirtc-trondt^emiric indis ia the continen

tal crest: the mantle coonacbon, J. Geophys. Res, 100,15,735-15,743, 
1995.

Pttgliese, S. and Fetford, N., Fore nracture visualisation in microdioriik 
enclaves, in MA Lovel ft P.K, Harvey (eds). Developments in Petro
physics, Spec. Pub. Geoi. Soc. London, 122,37-46,1997.

Rowe, P.W., The stress dUaiancy relaboo for static eqaibhrinm of an aasem- 
biy of paibda in contact, Prvc. Rayed Soe, 269,500-527,1962.

Rimer, C. H. and Nemamm. DJi.K^ Experimental deformation of partially 
rnoken Westerly eranite andrr flu id-absent condMoos with impiications 
for die extraction of granitic magmas, J. Geophys, Res, 100; 15697- 
15715,1995.

Spencer, AJ.M„ A theory of the kinematics of ideal soils under plane main 
conditions./ Meek. Physics Solids, 12.337-351,1964.

Terzaghi, K.. Theortltcal Soil Mechanics, John Wiley ft Sons. New York, 
1943.

Vigaeresse, J.L., P Baibey and M. Cimey., Rheological crauttions during 
partial rndbag and crystallisation wibi applicaiion to felsk magma seg
regation and transfer; J PttrxA. 37.1579-1600,1996.



jyember 12,2003 20:48 Geophysical Journal International gji2076

Geophys. J. hit. (2003) 15S, 857-869

Shear-induced pressure changes and seepage phenomena 
in a deforming porous layer -1

N. Petford and M. A. Koenders
Centre for Earth and Environmental Science Research, Kingston University, Surrey KT1 2EE, UK. E-mail: N.Pet@kingston.ac.uk

Accepted 2003 July 1. Received 2003 June 30; in original form 2002 November 15

SUMMARY
We present a model for flow and seepage in a deforming, shear-dilatant sensitive porous layer 
that enables estimates of the excess pore fluid pressures and flow rates in both the melt and 
solid phase to be captured simultaneously as a function of stress rate. Calculations are relevant 
to crystallizing magma in the solidosity range 0.5-0.8 (50-20 per cent melt), corresponding to 
a dense region within the solidification front of a crystallizing magma chamber. Composition is 
expressed only through the viscosity of the fluid phase, making the model generally applicable 
to a wide range of magma types. A natural scaling emerges that allows results to be presented 
in non-dimensional form. We show that all length-scales can be expressed as fractions of the 
layer height H, timescales as fractions of H2(nP'9 + l)/(67t) and pressures as fractions of 
Rc^H1 /{6k). Taking as an example the permeability k in the mush of the order of magnitude 
10-15 m2 Pa"1 s”1, a layer thickness of tens of metres and a mush strength {9) in the range 
108-1012 Pa, an estimate of the consolidation time for near-incompressible fluids is of the 
order of 105-109 s. Using mush permeability as a proxy, we show that the greatest maximum 
excess pore pressures develop consistently in rhyolitic (high-viscosity) magmas at high rates 
of shear (c0 > 10"1 Pas"1), implying that during deformation, the mechanical behaviour of 
basaltic and rhyolitic magmas will differ. Transport parameters of the granular framework 
including tortuosity and the ratio of grain size to layer thickness {ct/H) will also exert a strong 
effect on the mechanical behaviour of the layer at a given rate of strain. For dilatant materials 
under shear, flow of melt into the granular layer is implied. Reduction in excess pore pressure 
sucks melt into the solidification front at a velocity proportional to the strain rate. For tectonic 
rates (generally 10-14 s_1), melt upwelling (or downwelling, if the layer is on the floor of the 
chamber) is of the order of cm yr-1. At higher rates of loading comparable with emplacement 
of some magmatic intrusions (~10_1° s-1), melt velocities may exceed effects due to instabil
ities resulting from local changes in density and composition. Such a flow carries particulates 
with it, and we speculate that these may become trapped in the granular layer depending on 
their sizes. If on further solidification the segregated grain size distribution of the particu
lates is frozen in the granular layer, structure formation including layering and grading may 
result. Finally, as the process settles down to a steady state, the pressure does not continue 
to decrease. We find no evidence for critical rheological thresholds, and the process is stable 
until so much shear has been applied that the granular medium fails, but there is no hydraulic 
failure.

Key words: dilatancy, filtration, granular flow, melt, porous media, shear.

The processes governing the solidification of chambered magma 
have received considerable attention over the last two decades, 
and much progress has been made in understanding the thermal 
and physical behaviour in both the fluid-dominated regime (e.g. 
Huppert et al. 1984; Turner & Campbell 1986; Jupart & Tait 1995; 
Jellinek & Kerr 1999) and the process of solidication (Marsh 1988;

1 INTRODUCTION Martin 1990; Worster et al. 1990; Marsh 1996; Hort et al 1999). 
Studies of the freezing process have shown that for a considerable 
part of the crystallization interval, the material can be treated ef
fectively as a saturated porous medium. Movement of pore fluid 
due to instabilities caused by buoyancy effects in multiphase flows 
has been investigated both numerically (e.g. Drew 1971; McKenzie 
1984; Scott & Stevenson 1986; Sleep 1988; Spiegelman etal 2001) 
and experimentally (Kerr & Tait 1986; Tait & Jaupart 1992; Renner
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et al 2000). Spiegelman (1993) has investigated the flow of melt 
in a strain-rate sensitive, deformable porous medium for a forced 
melt flux driven by buoyancy. However, the mechanical effects of 
externally induced shearing on the porous matrix, and its subse
quent rheological behaviour are less well studied, despite abun
dant field and petrological evidence showing that many igneous 
materials, irrespective of composition and tectonic setting, have un
dergone significant amounts of shearing, whilst still in a partially 
molten state (e.g. Nicolas 1986; Brown & Rushmer 1997). This 
paper is intended to remedy that situation to some extent. It deals 
with a theoretical exploration of the deformation and associated 
fluid flow processes that occur during a shearing strain path im
posed on a strain sensitive porous layer in the presence of a con
fining stress. The changes in the solid volume fraction that take 
place during the process are especially important to acquire insight 
into the fluid flow pattern that results. The idea is put forward that 
the system, so modelled, has many of the mechanical properties of 
a porous crystal mush in a magma chamber, and that the effects 
that are calculated using the model can be identified with measured 
position-dependent grain size distribution and crystal content. Thus, 
by measuring the latter the model predictions can be verified to some 
extent.

The primary objective of the analysis is to explore what set of 
conditions leads to a stable situation. An analysis that enables the 
distinction between processes that settle down into stability and ones 
that eventually display runaway behaviour is required. The latter set 
of problems would obviously lead to either an ongoing change in the 
material properties until a more-or-less constant state is achieved, 
or result in some catastrophic set of events that would lead to an 
entirely different conformation of material properties.

This work expands upon an earlier quantitative treatment by 
Koenders & Petford (2000), for a simple geometry with ideal- 
ized material properties, which provides analytical solutions for the 
macroscopic behaviour of magma under pure shearing motion. The 
theory employed builds on the work by Biot (1941), extending it 
from the strict isotropic material that this author envisaged, to in
clude more general deformation features such as dilatant effects. A 
key finding that will be reproduced below is the fact that a steady 
state (if it exists) occurs after a transient set of changes. It is found 
that the characteristic time required for the steady state to become 
manifest is, generally speaking, fortuitously short when compared 
with a characteristic geological timescale, earthquake loading being 
the exception. As the theory does not deal with dynamic processes 
anyway, it is possible to consider slow behaviour only. Where no 
steady state results, the initial stage is investigated to obtain the 
most likely location of material failure. One of the key extensions 
of the analysis over previous work is that compressible fluids are 
considered, rather than incompressible ones. Also, much more com
plicated geometries are investigated. In addition it is shown that the 
mechanical responses of the mixture under shear may have a bearing 
on some long-standing problems in igneous petrology such as the 
development of flow fabrics, grain size distribution and sorting and 
layering in magmatic rocks.

The material properties of granular materials are summarized 
first; then a mathematical analysis is carried out, leaving the techni
cal details to an Appendix. Two distinct geometries are investigated. 
The first, a 1-D calculation of the deformation and magma flow in 
a two-layer model, is similar to that considered by Koenders & Pet
ford (2000) for deformation in a crystallizing magma mush. The 
second, to be addressed in a companion paper (Koenders & Petford 
in preparation, 2003), consists of a three-layer problem, where the 
middle layer is deformable and shear-sensitive. Whilst the geometry

investigated is limited to a 1-D calculation, the essence of a num
ber of geophysically relevant situations is captured in this way, thus 
achieving new insight into the rheological behaviour of the solid 
matrix and associated pressure changes in the melt-phase during 
deformation.

2 GRANULAR MATERIALS

The magmatic mush material is assumed to be granular in nature 
(e.g. Mead 1925). This would follow from a heterogeneous crystal
lization process, and differs from the semi-empirical approach used 
by Paterson (1995) to model granular flow of partially molten rock by 
plastic deformation and pressure melting of grains. The stiflhess of 
the grains in this material is assumed to be large compared with both 
the ambient pressure and stress changes that occur in the period after 
crystallization. Under these conditions a deviatoric load—notably 
in the context here, a simple shearing strain path—gives rise to an 
expansive volume change. This effect is commonly referred to as 
dilatancy; it is observed in tests on dry granular materials under low 
stress (typically the ratio of the Young’s modulus of the grains to 
the isotropic stress is greater than 100); the soil mechanics litera
ture may be consulted: Lambe & Whitman (1979) and see also for 
example Arthur & Phillips (1975). Despite its common occurrence, 
there is some debate as to what exactly causes this effect. It is impor
tant to distinguish between pre-failure and post-failure behaviour. 
Pre-failure the material is elastic or elasto-plastic, though not nec
essarily isotropic. Post-failure the material has become degenerate, 
though not unconstrained. The transition between the two regimes 
is marked by some form of bifurcation, see for instance Molenkamp 
(1985) or Vermeer (1990) for continuum-mechanical descriptions ' 
in the context of elasto-plasticity.

The dilatant effect is almost unique to granular materials (stiff 
clays also exhibit it to some extent). It is therefore not unexpected 
that workers in the field of granular mechanics have tried to at
tribute it to a particulate mechanism. Reynolds (1885) hypothethized 
a mechanism in which grains ‘ride up’ against one another. This 
feature is very easy to visualize, but requires that the grain mo
tion organizes itself in slip bands. The latter are a post-bifurcation 
phenomenon.

The link between particulate motion and a continuum description, 
which accounts for large groups of grains, is still not entirely re
solved to a satisfactory conclusion. The so-called ‘double-shearing 
model’ that describes the post-bifurcation regime has been put for
ward by Spencer (1964) and de Josselin de Jong (1977). The slip 
bands cut through the material causing it to be structured in par- 
allellomorphic blocks; their direction is given by the maximum 
obliquity direction as dictated by Coulomb’s friction criterion (see 
Arthur & Dunstan 1982). Dilatancy arises from roughness on the 
surfaces of the blocks, caused by the particulate nature of the mate
rial, see Koenders (1990) for the details for the mathematics of this 
model.

Pre-failure descriptions of dilatancy cannot be associated with 
slip bands. Rowe (1962) puts forward a two-particle model, the mo
tion of which is (descriptively) embedded in the continuum motion 
of the granular assembly. In a recent paper by Goddard & Didwania 
(1998) this concept is further explored in the light of quasi-static nu
merical simulations of granular assemblies. Using Cundafl’s numer
ical simulation (Cundall & Strack 1982), Kuhn (1999) has demon
strated that certain modes of granular material deformation can still 
be regarded as being ‘organized’. Gaspar & Koenders (2001a) have 
shown that such organization is the result of naturally occurring
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Q Non-notating 

Q Rotating

(b)

dilatant opening

Figure 1. Schematic representation of dilatant behaviour in a permeable layer during shear based on the numerical simulations of Stefanovska (1996). (a). P 
and Q represent two connected rigid domains made up of assemblages of rotating and non-rotating (spectator) grains, (b). Shear-induced slip between adjacent 
rigid domains results in dilatant opening.

heterogeneity in a granular material. It would therefore be likely 
that dilatancy is to a large extent associated with sensitivity of de
formation to the natural non-homogeneity of the material. This sen
sitivity is exacerbated as the load is persistently deviatoric. Detailed 
investigation of numerical simulation data has shown that many of 
the overall continuum stiffness components can be understood in 
this way: Caspar & Koenders (2001b) and Caspar (2002). A fea
ture of pre-failure deformation that emerges from both Kuhn and 
Caspar & Koenders’ approaches to the subject is the relevance of 
processes that take place on a scale that is much smaller than the 
overall aggregate size, but substantially larger than the two-grain 
size accounted for by the earlier description by Rowe. The exis
tence of the ‘meso-scale’ is further illustrated in an approach by 
Stefanovska (1996), using a least-squares quasi-static simulation 
method (Koenders & Stefanovska 1993). While Kuhn and Caspar 
& Koenders looked for deformation features, Stefanovska sought to 
characterize the medium in terms of connected slip domains. She 
succeeded in identifying such domains in pre-peak conditions at 
higher stress ratios (see Fig. 1.)

Linear elastic isotropic modelling of the material as envisaged 
by Biot (1941), will not give rise to a volume change under shear. 
Therefore, a somewhat extended model is introduced that can ac
commodate volume changes under shear loading. Such a model is 
incremental and intrinsically anisotropic. Thus the stress rate and 
the deformation rate are related by a general incremental stiffness 
tensor, which is called a and has the dimensions of a stress.

The incremental moduli are not constants during a stress path, 
but depend on the state of the assembly, its microscopic (mineral) 
properties and the state of evolution it is in. Rapid changes in the 
moduli are observed in the vicinity of the critical density (when the 
material changes over from contracting to dilatant behaviour), but 
outside this point the changes are relatively minor with increasing 
stress ratio. This finding inspires an approach in which the mod
uli can be regarded as being more or less constant, representing 
asymptotic branches of the behaviour. Thus, if pure shear is the 
only component of the skeletal stress that evolves and the problem 
is independent of the horizontal coordinate x, one may write the 
stress-strain incremental behaviour in terms of the instantaneous 
moduli o, linking the velocity gradients (rate of strain tensor) to the 
skeletal shear stress rate,

, 1 dii 9u
(i)°"=7a™Ty + **1222^- dy

1 ait dii
(2)^ = 2“!M!87

Here, u and v are the horizontal and vertical displacements and 
the skeletal stress is denoted by <r', where compressive stresses are 
negative, in line with the usual continuum mechanics description 
(see Becker & Burger 1975). The rate of change is indicated by 
the time derivative ‘flux dot’. The rate of volume change is fiv/dy. 
Both stress and strain are symmetric tensors and therefore eqs (1) 
and (2) are identical: 01222 = ^2122 and a 1212 =02112- For expanding, 
dilating materials in pure shear dv/dy is positive and the parameter 
02212 has the opposite sign to the shear stress rate; for contracting 
materials 02212 has the same sign as the shear stress rate. The reader 
is referred to the Appendix for further expansion. A list of values 
and parameters used in the calculations are given in Table 1.

All the above pertains to dry material, with the skeletal stress 
being the stress that results from grain contact interaction in the 
granular matrix. Application to fluid-saturated media requires an 
extension of the stress definition to allow for pore pressures so that 
the material behaviour, as captured in the stress-strain relationship, 
can be connected to porous media flow phenomena. The mathe
matical model developed here is based on the equations of linear 
poroelasticity proposed by Biot (1941), modified to take into ac
count the effects of shear-induced dilatancy in granular materials 
by coupling the volumetric strain to the deviatoric (shearing) stress 
(Koenders 1997; Koenders & Petford 2000). Biot’s theory is relevant 
to deforming magma as it contains a number of terms that describe 
important physical variables of the system, including melt viscosity, 
permeability, as well as the moduli of the granular framework.

The effect of dilatancy is that pore space becomes available for the 
pore fluid. In a crystallizing magma, the petrological implications 
are that as pore space opens up, the reduced pressure draws fresh 
melt from below up into the solidification front. This idea is in 
itself not new, for example Emmons (1940) recognized that dilatant 
rifting of a dense crustal mush would draw melt into the voids, a 
process referred to by Carmichael et al. (1974) as autointrusion. 
A conceptual appreciation of this effect is key to understanding
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Table 1. Units and variables.

Symbol Parameter Value/unit

a Grain size m
a Stiffness tensor Pa
CO Shear stress rate Pa S-1
G Principal modulus 109 Pa
H Layer depth m
k Permeability m2 Pa-1 s-1
n Porosity 0.2-0.5
p Excess pore pressure Pa
t Time s
if Horizontal displacement m
t; Vertical displacement m
y Position m
e Strain rate s-1
p' Fluid compressibility Pa"1
n Melt viscosity Pa s

Solidosity (crystal load) 0.5-0.8
Ap Density contrast kg m-3
t) Stiffness of mush 109 Pa
or' Skeletal stress (matrix) Pa
Y Tortuosity 1
R Moduli ratio 1

our analysis of both the two- and three-layer problems. Despite its 
apparent simplicity, it has been a non-trivial task to capture this 
behaviour mathematically and to obtain an exact analytical solution 
to Biot’s equations that include dilatancy (see the Appendix). This 
approach does not include temperature effects, though these can be 
added later as a refinement. The other effect which is not captured in 
the description is the effect of creep in the skeleton. This effect would 
give the granular matrix (anisotropic) viscous properties as well 
as stiffness properties. Spiegelman (1993), in contrast, considers 
purely viscous effects and no stiffness of the matrix, while more 
recently the role of viscoelastic matrix behaviour in deformable 
porous media has been assessed (e.g. Connolly & Podladchikov 
1998; Vasilyev et al. 1998). In the analysis here it is assumed that 
time-dependent effects are dominated by the fluid flow viscosity, 
relegating constitutive creep to a second-order analysis, which—like 
thermal phenomena—may be added as a refinement to the analysis 
afterwards.

Biot’s equations (see Biot 1941), express the continuity of the 
fluid, compressible phase in a granular environment, assuming Dar- 
cyan porous medium flow with position-dependent permeability 
k(x). The permeability here is scaled to the unit weight of the fluid,

and its dimension (m2 Pa-1 s_1) is thus that ofa (superficial) velocity 
i>s = —kVp. (Note that this definition differs from many geological 
applications where the permeability is scaled to the viscosity of the 
fluid.) Biot’s equation is now made special to the 1-D approximate 
geometry to hand. If the porosity of the medium is n and the fluid 
compressibility is ft' it reads as

_3_

dy
. 3d 30

— nfl — -f- —' dt dy (3)

wherep is the excess pore pressure, defined as the difference between 
the fluid pressure minus the hydrostatic pressure. Eq. (3) is solved in 
two geometries, the first is a one-layer system modelling the mushy 
zone in which crystallization has taken place to a sufficient degree 
that the crystal content (solidosity, 0S) is in the range 0.5 < </>s < 
0.8, and overlaps with the upper limit of the critical rheological melt 
fraction (0.7 < <t>s < 0.8) of Arzi (1978) and proposed percolation 
thresholds of Vigneresse et al. (1996). The second is a three-layer 
geometry, which has sufficient unique features of its own to warrant 
a separate paper.

3 ONE-LAYER SYSTEM

In order to formalize our model in a geological context, we have 
adopted the terminology of Marsh (1996) used to define the struc
ture of a solidification front in a crystallizing magma. The rheo
logical divisions in a solidification front are shown schematically in 
Fig. 2, and serve as a useful reference frame from which to construct 
a physical model of crystallizing magma under externally imposed 
deformation. Shearing of the solidification front may result from 
either tectonic motions during crystallization, syn-emplacement de
formation or deformation associated with chamber expansion due 
to fresh inputs of magma. Note that according to the Marsh classi
fication, our investigation is confined mostly to a layer within the 
rigid crust of the solidification front (<f>s > 0.55). As shown below, al
though a region of relatively high strength, it can easily dilate during 
shear. Influx of any melt upwards into the rigid crust is likely to have 
an important modifying effect on its rheology (see the discussion 
section).

The geometry of the one-layer system is shown in Fig. 2. The top 
is defined as y = 0 and the bottom as y = —H. In modelling it is 
assumed that the top of the region is virtually impermeable, imply
ing that the pressure gradient vanishes: dp/dy(0) = 0. The bottom 
is regarded as being entirely fluid, so that the permeability is infinite 
and all components of the incremental stiffness tensor for the solid 
framework a vanish. Only pure shearing stress external loading is 
envisaged and this load increases with time from f = 0 at a rate of cq.

Mush zone

Figure 2. Rheological divisions within a crystallizing magma (after Marsh 1996), and the position and geometry of the modelled deforming layer. The layer 
has a depth ofy = —//, and a solidosity (0S) interval of 0.5-0.8 (porosity of 50-20 per cent). Its mass loading exceeds the critical crystallinity of <f>s = 55 per 
cent and corresponds to the rigid crust portion of the solidification front.
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Figure 3. The scaled pressure (p*) in the deforming layer as a function of 
the scaled time (f*) and position (y*). Note the maximum excess pressure 
occurs at position y* = 0, and becomes asymptotic at r* > 1.

In order to model this system the main approximation is that the ma
terial parameters can be regarded as constants throughout the region 
of interest, as well as over the whole period of time. Two convenient 
stiffness related parameters are the mean values of 0 = (a 1212^2222 

- a22\2a\222)la\2\2 and a parameter R = a22i2/[ai2i2(n/J'0 + 1)].
An important result of the analysis is that the solution for this 

system can be expressed entirely in non-dimensional parameters. 
All length-scales can be expressed as fractions of H, all timescales 
as fractions of H2(nf}'9 + \)/{6k) and all pressures as fractions of 
Rc0H2/(t)k). The solution of the excess pore pressure as a func
tion of the position and time is depicted in terms of these non- 
dimensional parameters in Fig. 3. It is observed that the scaled time 
it takes the pressure to reach its end-value is of the order of r* = 
1.5 or t = \.5H2(np'f> + \)/(9k). It is of practical interest to esti
mate a value for the consolidation time of the problem. Taking as 
an example the permeability in the mush being ~10-15 m2 Pa-1 
s-1, the layer thickness of the order of magnitude of tens of metres 
and the value of 6 in the range 108-1012 Pa, leads to an estimate of 
the consolidation time for near-incompressible fluids of the order of 
105-109 * * s. For all types of loading relevant to geological processes, 
bar earthquake loading (Koenders & Petford 2000), this represents 
a short timescale. Thus, the pressure distribution that is appropriate 
to slow geological processes is the end-of-process parabolic profile, 
derived in the Appendix,

p(y, 00) = Rc0
H2 — y2 

2kG (4)

For dilatant materials under shear, a flow from the bottom into the 
granular layer is implied. A further note is that the process settles 
down to a steady state; the pressure does not continue to decrease. 
The process is stable until so much shear has been applied that the 
granular medium fails, but there is no hydraulic failure.

4 RESULTS

Some of the geological applications of the one-layer model have al
ready been described elsewhere (Koenders & Petford 2000; Petford
& Koenders 2001). An essential feature of the model with regard
to the deformation of solidification fronts in crystallizing magma
chambers is the introduction of two temporally variable (but cou
pled) stress terms, one for the solid matrix and an independent fluid
(melt) pressure. Both can be assessed as a function of increasing
strain rate to see under what conditions the mush is likely to fail.
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and to gain an impression of the magnitude of fluid upwelling that 
accompanies dilation in the solid granular matrix. While the anal
ysis does not include the effects of temperature explicitly, it does 
allow magma composition to be expressed through the viscosity of 
the melt, thus allowing an assessment of the effect of shear-induced 
dilatancy in both mafic and felsic systems at crystal loads >50 per 
cent.

For our analysis we make the distinction between three differ
ent loading regimes: (1) background lithospheric or plate tectonic 
strain rates (~10-14 s-1); (2) emplacement loading (~10_1° s-1), 
based on estimates from field studies in and around granitic in
trusions and silicic lava domes (Fernandez & Castro 1999; Castro 
et al. 2002); and (3) earthquake loading (10-3 s-1) as an example 
of extreme quasi-static loading. Meaningful comparisons between 
different magma compositions and solid matrix depend on the order 
of magnitude of the various parameters that appear in the theory. 
The parameter R essentially gives the ratio between moduli, modi
fied by the compressibility of the fluid; this parameter is of the order 
of unity—positive when the material is contractive and negative in 
the dilatant regime. The order of magnitude of the parameter 0 is 
that of the principal stiffness components of the mush; this quantity 
follows from measurements and is of the order of 108-109 Pa. The 
permeability k is estimated from a non-dimensional tortuosity pa
rameter y, the mean grain size a and the fluid viscosity and has the 
form k = ya2n3/ti. Finally, the loading parameter c0 is estimated 
from the loading strain rate e and the mean value of the principal 
shear modulus G: cq = Ge. The main sensitivity of the problem 
thus follows from an estimate of the mean value of the pressure 
p, the order of magnitude of which is evaluated according to ex
pression (4). This estimate leads to a rough value of all the stress 
changes in the system. What it does not tell us is how the skeletal 
stress ratio evolves; this quantity gives information on the point at 
which failure in the mush will take place. At failure (and beyond), 
no sensible calculation can be made, as mathematically the system 
becomes critically sensitive to the boundary conditions, changing 
as it does from the quasi-static elliptical regime to the hyperbolic 
or parabolic regime. From a constitutive point of view, the situation 
at failure also changes: the effects of creep and localization can no 
longer be considered to be small.

Using the above estimates for the various variables, the mean 
pressure has the order of magnitude of Rer](H/a)2/y. Both R and 
y are non-dimensional and therefore the product erj represents a 
quantity with the dimension of a pressure.

4.1 Stress changes in the granular matrix

The total stress in the vertical direction remains constant and there
fore the accumulated vertical skeletal stress equals the generated 
pore pressure. Now, it is clear from the previous sections that the 
latter attains a constant value after a period of time that is long 
compared with H2(np'9 + \)/(0k). Using the estimates from the 
previous section this characteristic time is of the order of (H/a)2r)/G. 
For geological purposes this is a very short time (104 s for granitic 
magmas, for example). The ratio of the time constant to the shear 
strain rate then gives some impression as to whether the considera
tion of only the final state is justified. It is seen that for all loading 
types, except the fast earthquake loading, the ratio of the time con
stant to the shear strain rate is much less than unity.

The picture that emerges, therefore, is that the excess pore 
pressure—and with it the accumulated normal vertical stress— 
settles down to a fixed, position-dependent value. Meanwhile the
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shear stress is continually increased. The deviatoric skeletal stress 
therefore increases all the time, while the isotropic stress remains 
fixed at a value. Failure phenomena for materials such as these 
mushes that are under low isotropic stress (low, that is, compared 
with their mineral stiffness) are controlled by the stress ratio. After 
a period of time these mushes ‘fail’; this is the bifurcation phe
nomenon described earlier. When this point is crossed the mechan
ical response of the system becomes critically dependent on the 
boundary conditions, though the constraints that still exist in the 
system prescribe certain preferential directions along which local
ized shear planes can form. The geological manifestation of such 
failure would be the melt-filled shear zones commonly observed in 
migmatites and other anatectic rocks (e.g. Brown & Rushmer 1997).

An order of magnitude estimate of the isotropic skeletal stress 
follows from the consideration that the grains are buoyant and a first- 
order estimate follows from the stress associated with the buoyancy. 
If the mass density difference is called Ap, the mean position in 
the thickness of the crystallized layer is ///2; therefore the mean 
isotropic stress equals ApHg/2. Typically this is ~104 Pa. The stress 
ratio to failure is of the order of 0.2-0.5, depending on a large number 
of factors: pre-stress, roughness, porosity are all factors that play a 
role. For a shear rate e and mean shear stiffness G, an estimate of the 
time when deviatoric stress and isotropic reach the failure criterion 
ratio is of the order of ApHg/(2Ge). In practical cases this value is 
still a factor of some 100-10 000 times greater than the time constant 
of the system.

For a system like this, in which the normal stresses are quite small 
compared with the mineral stiffness values, brittle failure (particle 
crushing) is obviously not relevant. Such a mechanism is more likely

in systems in which the isotropic stress increases due to an increase 
in the extraneous load; the three-layer model under development 
(Koenders & Petford 2003) is an example.

4.2 Excess pore fluid pressure

We are now in a position to make a number of statements regarding 
the change in pore fluid pressure during shear that apply to both 
basaltic and rhyolitic crusts. Figs 4 and 5 show the range in excess 
pore fluid pressure (Pa) as a function of layer position for an ap
plied strain rate (e) of 10-14 and 10-10 s-1 calculated using eq. (4). 
Individual curves relate to melt fractions (n) of 0.2-0.5. Layer com
position was simulated using the interstitial melt viscosity (r}) as a 
proxy, with values of 102 and 105 Pa s equating to a hypothetical 
basalt (Fig. 4) and a rhyolite layer (Fig. 5), respectively. A grain size 
effect is also included. As expected, the maximum excess pore pres
sure occurs at position y = 0. At a given strain rate and mean grain 
size, the effect of decreasing the mush porosity results in progres
sively higher excess pore fluid pressures. Against this, an increase 
in the mean layer grain size results in an order of magnitude drop in 
excess pressure. This effect is shown clearly in both Figs 4 and 5, 
where at a constant (tectonic) loading rate of 10-14 s-1, an increase 
in grain size from 1 to 5 mm lowers the maximum pore pressure from 
~10-3 to 10-4 Pa (basalt. Figs 4a and b) and 6 to 0.25 Pa (rhyolite, 
Figs 5a and b). These changes can be understood by considering the 
effects of changing porosity (melt fraction) and grain size on the 
transport properties of the layer. The effect of reducing both is to 
lower the permeability, resulting in correspondingly higher excess 
pore pressures at a given rate of shear and fixed melt viscosity.

(a)
0 007

n = to2 Pa0 006

i 0 004-

0 003

n = 0.3

-6 -4
Position

(C)

n = 0.2

1 mm

n = 0.3

Position

(b)

-6 -4
Position

(d)

n = to2 Pa

1- n= 0.3

n = 0.4

12 -10 -8 -6 -4 -2 0
Position

Figure 4. (a)-(d) Increase in excess pore fluid pressure (Pa) in a porous layer of basaltic composition (interstitial melt viscosity =102 Pa s) as a function of 
shear stress rate and grain size (a). Individual curves show the pressure range for a fixed melt fraction (porosity, n) over the range 0.2-0.5. Strain rates of 10“14 
s-1 (a) and (b) and 10"10 s-1 (c) and (d) relate to average plate tectonic and pluton emplacement loading conditions, respectively. Layer permeability (k) ranges 
from 8 x 10-11 m2 Pa-' s-1 (a = 1 mm, n = 0.2) to 3 x 10~8 m2 Pa-1 s-1 (a = 5 mm, n = 0.5). The greatest excess pressures occur in layers with lowest 
permeabilities at high strain rates (Fig. 4c).
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Figure 5. (a)-(d) Increase in excess pore fluid pressure (Pa) in a porous layer of rhyolite composition (interstitial melt viscosity =105 Pa s) as a function of 
shear stress rate and grain size (a). Individual curves and strain rates labelled as in Fig. 4. Layer permeability ranges from 8 x 10-14 m2 Pa-1 s-1 (a = 1 mm, 
n — 0-2) to 3 x 10-11 m2 Pa-1 s-1 (a = 5 mm, n = 0.5). Maximum excess pore pressures are >104 Pa (Fig. 5c).

Higher excess pore pressures are induced at higher shear stress 
rates. Thus, deforming a layer at loading rates comparable with 
magma emplacement (10-10 s-1), produces a much stronger effect 
that either reduction in grain size or porosity. The greatest maxi
mum excess pore pressures occur where high shear stress rates are 
combined with the smallest layer permeabilities (Figs 4c and 5c). 
Thus, for a basalt system with a grain size of 1 mm and porosity 
of 20 per cent (£ = 8 x 10~10 m2 Pa-1 s-1), the calculated excess 
pressure is 63 Pa. For more viscous rhyolites, this value is ~6 x 104 
Pa (Fig. 5c). These values fall to ~2.5 and 2500 Pa, respectively, 
when the grain size is increased to 5 mm (Figs 4d and 5d).

Comparison of Figs 4 and 5 indicate that the melt viscosity exerts 
a strong influence on the likely range of excess pore pressures during 
shear, with greatest excess pressures occurring in deformable lay
ers with the most viscous interstitial liquids. This effect is explored 
further in Fig. 6, where the maximum excess pore pressure is plot
ted as a function of melt fraction for three fluid viscosities of 101, 
103 and 105 Pa s corresponding to typical basalt, andesite and rhyo
lite melts (e.g. McBimey 1984), for two loading rates of 10-14 and 
IQ-10 s'1. At tectonic strain rates, maximum excess pressures are 
«:1 Pa for permeabilities corresponding to basaltic mushes, reach
ing a maximum value of ~10 Pa in rhyolites. However, at rates 
typical of emplacement loading, an increase of O(104) in excess 
pressure is predicted, with maximum values for rhyolitic permeabil
ities approaching 105 Pa (1 bar. Fig. 6c). Similar excess pressures 
will only occur in fine-grained basaltic crusts where the porosity is 
of the order of a few per cent. While shear-induced values of excess 
pore fluid pressure for most magma types should fall within a per
meability range of ~10-9-10-14 m2 Pa-1 s_I, we note in passing 
that it is possible to calculate excess pressures at much higher strain

rates. Thus, for quasi-instantaneous (earthquake) loading at a shear 
stress rate of 106Pa s-1(e = 10-3 s-1), the porous layer is predicted 
to develop excess pressures in the range 10-100 MPa. However, the 
validity of the dilatancy theory is limited to the range in which the 
constituent grains are much stiflfer than the isotropic stress, greater 
than 1 per cent, say. The former quantity is estimated to be some 
107-108 Pa and therefore at these high stresses, grain deformability 
may take place and the theory would need refinement in this loading 
regime.

5 DISCUSSION 

5.1 Melt upwelling rates

The excess pressures developed in the solid matrix described above 
are accompanied by a simultaneous reduction in excess pore pres
sure that sucks melt into the solidification front at a rate proportional 
to the shear rate. At tectonic strain rates, melt upwelling velocities 
are small and of the order of mm yr_1. However, at higher rates more 
typical of emplacement, laminar upwelling velocities can reach 3 m 
yr-1 (Table 2). As the problem is phrased in terms of shear strain 
rates, then the melt upwelling velocity is independent of viscosity. 
This is because the dilatant matrix volume change rate operates as a 
constraint and therefore the volume rate of flow is entirely defined 
by the constraint. It is noted that this is a matter of phaseology: had 
the problem been defined in terms of shear stress rates, then the per
meability properties would have been important for the flow rates 
(and the strain rates would follow from the analysis).

These higher rates exceed those predicted due to melt instability 
in undeformed rhyolitic systems of 10“7-10_1 m yr-1 (Barboza &
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Figure 6. (a)-(d) Plots showing maximum excess pore pressure as a function of melt fraction for three melt viscosities in the range 101 > rj > 10s Pa s, 
equating to basalt, andesite and rhyolite liquors. The maximum excess pore pressure is strongly dependent on both shear stress rate and melt viscosity, with 
highest values predicted in the most evolved (viscous) magmas. The ruled lines in Fig. 6(a) correspond to proposed rheological thresholds in crystallizing 
silicic magmas (after Vigneresse et al 1996), at 55 per cent solids (rigid percolation threshold) and 72-75 per cent solids (particle locking threshold). CMF is 
the critical melt fraction (after Wickham 1987). The generic critical crystallinity at between 50-55 per cent solids is from Marsh (1981).

Table 2. Melt flow rates in the porous magmatic layer de
scribed in the text as a function of strain rate.

Loading regime Strain rate Melt flow rate

Tectonic

T
1/5

7o 10-n-10-'2 ms-1
Emplacement 10-'° s-‘ 10-7-10-® m s-1
Earthquake 103 s"1 1-0.1 m s-1

Bergantz 1998) and are comparable with melt upwelling velocities 
beneath Mid Ocean Ridges (e.g. Kelemen et al. 1997). For the ex
treme case of near instantaneous shear arising from earthquakes, 
flow rates of up to 1 ms-1 are predicted while the quake is ac
tive. By implication, shear-induced flow may be locally important 
in transporting heat and chemical components from the mainly fluid 
region beneath the capture front, into the solidification zone itself. 
This raises the possibility that some types of chemical zonation 
and resorbtion seen commonly in crystals (especially plagioclase) 
in plutonic rocks and their volcanic equivalents are due not to large- 
scale magma chamber processes such as influx of mafic magma 
and chamber-wide circulation of individual phenocrysts (e.g. Kne- 
sel et al. 1999), but a much more subtle effect due to local flow of 
melt into the expanding pore space of the crystal mush and crust.

5.2 Rheological thresholds
As shown previously (Figs 4-6 ). the strong influence of melt vis
cosity on excess pressure implies that the rheological behaviour of 
basaltic and rhyolitic magmas during shear will differ. The role of

suspended solids in controlling the flow behaviour of magmas has 
attracted considerable attention, and a number Theologically identi
fiable zones in magmas have been defined, most famously the rheo
logical critical melt percentage (RCMP) or the critical melt fraction 
(CMF) of Arzi (1978) and Van der Molen & Paterson (1979). The 
CMF has classically been used to describe a transition in granitic 
magmas from a viscous fluid at low crystal contents (^40 per cent) to 
an ‘elastic solid’ at melt fractions SO.3, where movement is resisted 
primarily by a skeletal matrix of touching grains (e.g. Wickham 
1987). Most recently, this inequality has been revised downwards 
to melt fraction in the range 0.03-0.08 (Rosenberg & Handy 2003). 
Although the experiments on which the concept rests has been 
challenged (Rutter & Neumann 1995), such transitions are used 
commonly to speculate on the physical state of the magma dur
ing emplacement-related deformation (e.g. Paterson et al. 1998). 
Vigneresse et al. (1996) proposed that during crystallization, mag
mas will encounter a percolation threshold at 55 per cent solids (cor
responding with the upper limit of critical crystallinity of Marsh), 
and another at 72-75 per cent solids. However, a major source of un
certainty in these qualitative models is that while capable of provid
ing descriptive accounts, they are unable to explain the fundamental 
macroscopic behaviour of the melt-crystal mixture as it deforms. 
The transition from rate-dependent to elasto-plastic behaviour is 
known to depend upon the applied strain rate (e.g. Dell’Angelo & 
Tullis 1988). This prompts the question whether the viscous be
haviour of the pore fluid plays a role in the (shear) stress controlled 
deformation process (Renner et al. 2000). As we have shown here 
and elsewhere (Koenders & Petford 2000; Petford 2003), the inter
play between the deformation of the granular framework and the
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flow of the pore fluid is time-dependent, meaning that the position
ing of rheological thresholds is at best arbitrary, the one exception 
being the critical crystallinity (Marsh 1981). A proper treatment 
requires the solution of the relevant differential equations (see the 
Appendix). The parameter estimates outlined here describing the 
various stress changes in the solid matrix, along with permeability 
features, open up a robust way of understanding the mechanical re
sponse of crystallizing magma during deformation. Consideration 
of Fig. 6 for example, shows that while the change in melt frac
tion encompasses the rheological thresholds set out above, there is 
no evidence for bifurcation or sudden jumps in excess pore pres
sures that might be interpreted as critical. Furthermore, it challenges 
the assertion of Vigneresse & Tikoff(1999) that above 75 per cent 
solids, the system is locked to any further melt flow. Recent work 
on load-bearing granular materials has shown that while the close 
packing of particles can result in jamming and rigidity, they cannot 
become permanently jammed, and that sudden changes in applied 
stress can produce non-equilibrium transitions from solid to fluid
like states (Cates et al. 1998). Such media are referred to as fragile, 
and although a constant volume effect (no dilatancy is implied), we 
speculate that some rigid magmas undergoing shear may behave in 
an analogous fashion. Where this leaves current rheological models 
for granitic magmas is uncertain, and more detailed experimental 
and theoretical work is needed in order to confirm the existence of 
the proposed rheological thresholds.

5.3 Filtration and flow of crystals

A further consequence of deformation-induced melt upwelling is 
that non-buoyant crystals of a certain size dilutely mixed in the 
magma may be kept in suspension that might otherwise sink due to 
gravity. Assuming no yield strength in the melt, it is possible from 
Stokes law to make a first-order approximation of the typical grain 
size (radius) that can be kept afloat within the solidification front as 
a function of strain rate. This is shown in Fig. 7, where at tectonic 
strain rates only very small grains (radius 0.01-0.04 mm) that are 
negatively buoyant with respect to the parent melt will be prevented 
from sinking. However, emplacement loading will produce upflow 
sufficient to suspend grains with diameters of up to ~1 cm. For the

10'7 ms-1

1-
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10'8 ms'1

0.1-
10 ” ms-1 

□

0.01- 1
10'12 ms'1
Tectonic Emplacement
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Figure 7. Plot of particle size versus strain rate, showing the approximate 
range in particle size that could be kept afloat in a dilute mixture of non- 
buoyant crystals by upwelling melt beneath the sheared layer. Higher strains 
in the granular matrix result in higher mean flow rates, so that for strain rates 
accompanying pluton emplacement, grains in excess of 1 mm can be kept in 
suspension that might otherwise sink under gravity (calculated using Stokes 
law with a density contrast between grain and melt of 300 kg m-3).

extreme case of earthquake loading, flow rates may become briefly 
non-laminar and able to support blocks up to 20 m in diameter.

Upwelling melt may also carry particles with it that depending 
upon their size, become captured in the granular layer inside the 
solidification front (see Marsh 1988), reducing its permeability. This 
processes, in which a porous layer (or filter) becomes clogged by 
finer particles is well known to geotechnical engineers and leads 
to a reduction in hydraulic conductivity (Brauns et al. 1993). A 
similar clogging process may explain some of small- to medium- 
scale heterogeneity common in many granitic rock textures (Petford 
1993), and is worthy of further investigation. Crystals with high 
aspect ratios, such as alkali and plagioclase feldspar pheoncrysts, 
may also be susceptible to rotation and alignment in the direction of 
flow. Some possible consequences of shear-induced melt upwelling 
into the deforming layer are summarized in Fig. 8. We speculate that 
on further solidification, any flow segregated grain size distribution 
or crystal alignments may become frozen in, offering an explanation 
for the graded layering found in some plutonic rocks (e.g. Barriere 
1981), not easily explained by simple gravity settling.

5.4 Limits of the model

It is well known that at the high temperatures accompanying magma 
solidification, thermally induced crystal plasticity is likely to play 
an important role in governing the medium-term rheological be
haviour of the mixture (e.g. Kohlstedt & Zimmerman 1996). While 
our model does not explicitly account for creep, thermally activated 
processes are likely to govern the rheological behaviour of partially 
molten rocks at strain rates of ~ 10“10 s-1 where the confining pres
sure is also high (Stevenson 1989). Thus, our constant value for the 
stiffness of the mush (0 = 109 Pa) is unlikely to remain fixed during 
any prolonged period of deformation for loading in excess of plate 
tectonic rates. Other factors contributing to the mush permeability 
including melt viscosity, melt fraction (porosity) and tortuosity will 
also play an important role in governing the overall mechanical be
haviour of the system. None will remain constant as crystallization 
proceeds, and while a full sensitivity analysis of the relative impor
tance of each variable in time is required to isolate the key effects, it 
is likely that simple grain size variations will play a dominant role. 
For example, an increase in mean grain size, and the depth of the 
crystallizing layer H, will reduce the excess pore fluid pressure at a 
given strain rate due to the strong dependence of permeability on the 
matrix transport properties (e.g. Dullien 1992). It could be argued 
that by examining strictly mechanical processes only, no real insight 
is attained, as any instability may also follow from non-mechanical 
changes. Nevertheless, we consider it exceedingly useful to have 
the mechanical part understood, as this gives the first link between 
the geometry of the problem and the pressures that arise. Also, the 
mechanics serves as an outer envelope in the parameter space for 
the separation of stable from unstable regions. A further shrinking 
of the stable region due to any non-mechanical processes can be 
undertaken at a later stage. Naturally, if one is interested in com
ing to some form of classification of catastrophes, a more extended 
analysis is required.

6 CONCLUSIONS

We have presented a quantitative description of the mechanical be
haviour of a porous layer (n = 0.2-0.5) in a shear field using a 
modified form of Biot’s theory of poroelasticity. Equations appro
priate to the geometry are derived, and predictions of the pressure
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Figure 8. Schematic depiction of shear-induced upwelling of melt into the mush zone from beneath the capture zone (Marsh 1988, 1996), highlighting some 
possible grain size distributions and orientations resulting from shear-induced melt flow. Filtration effects including layering (Koenders & Kilchherr 2002), 
clogging and flow alignment of early formed pheoncrysts or entrained solids are implied. Possible end-member particle size distributions for homogenous and 
heterogeneous filters and particle gradation band curves, based on filtration models for soils (Brauns et al. 1993) are shown.

changes and rate of melt flow in the porous crystal framework as a 
function of strain rate are made for a range of geological loading 
conditions. The mechanical response of the mixture to shear scales 
with the melt viscosity, the mean particle size and the square of the 
layer depth. The results, in dimensionless form, are applicable to a 
number of geophysically relevant situations where magma of vary
ing composition is undergoing externally imposed deformation. Our 
initial results suggest that mafic and felsic magmas with crystal con
tents in the range 50-80 per cent will respond differently to shearing, 
with felsic systems being much more likely to develop high excess 
pore fluid pressures. Local flow rates, induced by pressure changes 
in the crystal matrix due to dilatancy are strain rate dependent and 
increase with increasing stress rate. Shear-induced flow may pro
mote both particle alignment and filtration effects, thus providing 
an explanation for some types of layering due to variations in grain 
size observed in plutonic rocks.
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APPENDIX: SOLUTION 
OF THE ONE-LAYER PROBLEM

The total excess stress tr is composed of the excess skeletal stress tr' 
and the fluid excess pore pressure p according to Terzaghi (1925): 
aU — a'tj ~ P&U' Th® skeletal stress rate is linked to the strain 
rate e and satisfies the constititutive law &[j = a^ieu. The vertical 
coordinate is called^, the horizontal onex In the one-layer problem, 
pure shear is assumed to be applied and the problem is independent 
of jc. This leaves the following constitutive relations:

1 <)« 3u
°i i = ram2 7r~ + oimT~2 t)y fly

1 0« di)
an = rfli2i2T— +01222-^2 Jy ay

., 1 du di)
o'zi = ^a2ii2r—1-02122 — 

2 i)y 6y

1 flit dv
a22 ~ ^a2212T---- l”a2222T—i2 dy dy

where the displacement components are (u, v). Stress equilibrium 
and stress symmetry leave two relations with time-dependent con
stants c(t) and d(t).

dy
— 0 &|2 = c(t)

^22 _ 
dy dy

= 0 -xt22 - > = d(t).

The constant d(t) represents the total vertical excess stress. The focus 
here is on processes where pure shear is applied in the absence of a 
simultaneously applied vertical stress and therefore d(t) = 0.

Biot’s equation expresses continuity of the fluid, compressible 
phase in a granular environment, assuming Darcyan porous medium 
flow with position-dependent permeability Jt(x), see Biot (1941). It 
is specialized to the geometry to hand. If the porosity of the medium 
is n and the fluid compressibility is ft' it reads

k(y)
dp
dy]

-„R'dp 4. di}
s7+3/

The displacement gradient rates can be eliminated from the problem 
to give

30 an\2P - 02212^(0
fly 8121202222 ~ 0221201222

The signs of the moduli can now be read. In the absence of an

isotropic stress rate an increasing shear stress will result in an in
creasing volumetric rate. The sign of 02212/(^121202222 — O2212O1222) 
must therefore be opposite to the sign of the shear stress increase. In 
practice this implies that a22i2 must be negative, as the determinant 
can never be zero and in its evolution must have started from an 
isotropic state as a positive quantity 0121202222- 

Substituting the rate of volume strain in Biot’s equation yields

dy k(y)
, fll212/> - O2212C(0np p -)------------------------------------.

0121202222 ~ 0221201222

This equation has general validity, but it is noted that the components 
of the incremental stiffness tensor a depend, generally speaking, on 
position and time.

In the geometry envisaged, the top of the region is at y = 0, the 
bottom is at y — —H (see Fig. 2). The bottom is all fluid, implying 
that all components of a vanish and the permeability is infinite. Thus 
no excess pore pressure or skeletal stress exists in the vicinity of y 
— -H and therefore (again) it is concluded that rf(f) — 0. The top of 
the region is virtually impermeable and thus the pressure gradient 
must vanish here: dp/dy = 0.

Taking both a and k constants in the region 0 < y < —H Biot’s 
equation is now solved. Recast it in the form

*£4 = (»*'+------------a-^------------ )
dy \ 0121202222 — 0221201222/

022120(0XP----------------------------------- .
^121202222 — 0221201222

Introducing the auxiliary variables 9 = (0121282222 — 0221201222)101212 
andR 25<322i2/[oi2i2(«/f'0 + 1)], the equation is then Laplace trans
formed. The transformed parameters are denoted by a hat and the 
Laplace frequency is called A.,

Gk~fyi = (nP'6 + O * {nP'e + !) Xc.

Now, defining p = ^(nfi'G -I- \)k/(9k),

y(y) = Kc
^ _ cosh(^y) I 

cosh(^./f) J
00

= Kc- R3K0'-/') + e-^^]£(-l)me-2't"m.
m—t)

The inverse transform is found when the loading fimetion is spec
ified. Assume that the shear stress increases linearly with time: 
c(t) — cot, with a constant rate cqj implying that c(X) = cqA.-2. 
One finds

p(y, 0 = Rctf ~ Rco £(-1)"

(.0. Ylo^ Jx j 2 [*"" + 2'* \2jij] Jx

OO
-Rco^-1)”

where = yfeT(// -y + 2Hm) and bm = J&m(H + y + 

2Hm).
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Solutions for short and long times are easily obtained:

? 0 : p{y, t) =

Rcq t -

where =

t ao: Rcq
H2 — y2 

2k0

f2^e-«o2/4'
-v/jr

A natural scaling is present. All length-scales can be represented as 
fractions of H: y = y*H\ and all timescales as fractions of H2(np'0 

l)/(0k)‘ t — t*II2(nfi'6 + l)/(0k). The excess pore pressure fur
thermore scales as p = p*Rc0H2/(Ok) and the auxiliary variables
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a,n and b,„ as a*tHj(nP‘0 + \)/(8k) and + l)/(0/c).
The solution for the excess pore pressure is now written as

CO

/>*(yV*) = f*-£(-ir
«i=0

CO

m=0
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SUMMARY
We present the results of an analytical investigation into the deformation behaviour of a three- 
layer permeable material that provides solutions of the stress equilibrium equations and the 
equation of continuity coupled with Darcy’s law. Two distinct regimes are investigated. The first 
is the one in which the externally applied fluid pressures are significant, the second is the limit 
in which these pressure increases are insignificant. The typical time constant r for the process 
is derived. In the latter case the long-term behaviour of the fluid pressure in the three layers 
is entirely determined by the applied shear stress rate and a stable steady state appears. When 
there is an external fluid pressure increase no steady state settles and the leading term in the 
long-time expansion is proportional to the time t. The instability that is created in this way needs 
examination as the hydraulic failure that is associated with it will take place at the position 
where the pressure increase is greatest. Note that the flow that follows from the pressure 
gradient is greatest in the vicinity of the top layer, which is presumed to be more permeable: 
/ci//c2 ^ 103. All this holds for slow processes where the time constant is long compared to the 
consolidation time. The stress state in the material in the vicinity of the granular layer becomes 
therefore more anisotropic, which may cause the surrounding material to fail. The problem of 
melt extraction in a flattening and deforming plume head at the base of the lithosphere was 
investigated. For a fixed loading rate of 10-15 s-1, excess pressures and flow rates are of the 
order 107 to 109 Pa, and ca. 10-13 ms-1 respectively, increasing with increasing rate of shear. 
Evaluation of the ratio of hydrostatic pressure to isotropic stress points to hydraulic fracturing 
as a potentially important aspect of the long-term deformation behaviour.

Key words: dilatancy, mantle plumes, melt extraction, rheology, shear strain.

1 INTRODUCTION

An understanding of the mechanical behaviour of partially molten rock is fundamental to studies involving the segregation of magma in the 
lithosphere. Insight into the processes that take place are somewhat difficult to generalize, as many mechanisms occur simultaneously and 
interdependently (e.g. Marsh 2002). Aspects that have a bearing on the overall behaviour- and evolution of a state involving molten rock include 
seepage flow (Drew 1971; Kerr & Tait 1986), heat flow (Huppert & Sparks 1988), phase transitions (Jackson & Cheadle 1997), deformation 
mechanisms of both solid and fluid phases (e.g. Brown & Rushmer 1997; Jellinek & Kerr 1999; Hort e( al, 1999) and chemical processes, 
hr particular, quantitative understanding of the physics and rheology of two phase mixtures is central to the problem of melt segregation (e.g. 
Kohlstedt & Zimmerman 1996; Barboza & Bergantz 1998; Jackson et al. 2005). Substantive early experimental work by Arzi (1978) and 
Van der Molen & Paterson (1979), and more latterly Rutter & Neumann (1995), Remrer et al (2000), provide some estimate of the strength 
of the material while melting takes place. However, an experimental set-up to gain insight in the combined mechanical and flow features 
that occur is inherently very hard to achieve (e.g. Rutter 1997). Another problem is that laboratory conditions are hardly ever realistic ones. 
Because of this, some effort has gone into developing theoretical models of multiphase flow that aim to capture the more fundamental aspects 
underpinning melt migration in deforming porous media (e.g. Connolly & Podladchikov 1998). In general, mathematical models concerned 
with melt extraction have utilized various hypotheses concerning the mechanism that plays a dominant role. For example, gravity-driven 
compaction in a viscous or viscoelastic matrix (e.g. McKenzie 1984; Scott & Stevenson 1986; Spiegelman 1993; Vasilyev et al 1998), and 
other instabilities that can lead to fracturing (e.g. Sleep 1988; Stevenson 1989) are now part of the accepted mechanisms in this field. Other 
work has focused on the timing and significance of rheological transitions relating to the extraction, ascent, crystallization and mixing of 
magmas (e,g, Vigneresse et al. 1996; Rosenberg & Handy 2003; Petford 2003), and possible focusing and channelling mechanisms that arise
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during melting (Spiegelman et al. 2001). However, despite the growing consensus as to what is critical in these processes (depending on 
geometry and boundary conditions), the mechanical aspects have not been subject to a rigorous quantitative assessment.

This contribution follows on from a previous theoretical investigation into the mechanical behaviour of deforming porous media (Koenders 
& Petford 2000: Petford & Koenders 2003) that for the first time provided analytically derived equations that captured quantitatively the dilatant 
behaviour of magma during shear. Key results of this work include estimates of the magnitude of variation in excess pore (melt) fluid pressure 
as a function of strain rate, and of the local, deformation-induced fluid flow rate. Implicit in their analysis was that magmas, to a good 
approximation, are granular materials (Mead 1925), so that a shearing load gives rise to an expansive volume change (dilatancy). The analysis 
was based around a simple (one-layer) geometry, inspired by the solidification front model of crystallizing magma of Marsh (1996).

In this present work we have extended our one-layer model to a more complicated three-layer geometry of a porous (magma) layer 
embedded between a stiff upper and lower layer. This choice of geometry allows us more flexibility to explore the mechanical behaviour of 
magma during partial melting, where the fluid phase is confined in space between two theologically similar regions. As with the one-layer 
model, we provide a set of analytical solutions to the relevant governing equations that allow estimates of pressure changes in the fluid and 
granular matrix as a function of grain size, porosity (melt fraction) and strain rate. We begin by reviewing briefly the underlying mechanics of 
the problem (Biot’s theorem), followed by the substantive piece comprising a set of equations for the excess pore fluid pressure in the middle 
(magmatic) layer for two pressure conditions where: (1) the applied (external) fluid pressure is significant and (2) the pressure is internal only. 
The calculation is intended primarily to demonstrate the connection between far-field boundary conditions and local processes. We stress that 
the three-layer geometry can be made applicable to a wide range of length scales encompassing a range of geophysical problems relating to 
fluid flow in deformable porous media. Although not the main thrust of this present work, as a topical example we show how the model can 
help shed some light on the important geodynamical problem of melt extraction at the base of the lithosphere. The full mathematical details 
and solution scheme are set out in a comprehensive Appendix. A notable feature of our analysis is the connection between far-field boundary 
conditions and the local deformation effects.

2 BIOT’S THEOREM

As with the one-layer model (Koenders & Petford 2000; Petford & Koenders 2003). a modified form of Biots equation (Biot 1941)

. dp dv 
= "0 — + T-. 

dt dy
(1)

is solved for the three-layer system shown in Fig. 1, in which the centre granular layer is sandwiched between two rigid but slightly permeable 
slabs, and then sheared. This situation differs from the previous one-layer model in several important ways. Firstly, due to the stiff lower base, 
the dominant deformation style is simple shear (c/ pure shear in the one-layer geometry). Second, in the three-layer system, additional external 
fluid pressure can be applied. The mathematical details are described in Appendix A. The intention is to use the outcome of the mathematical 
model to make plausible statements about the internal stress, deformation and flow state inside a partially molten layer. Such statements may 
be quite sensitive to the choice of the modelling parameters. In what follows we begin by setting out the mathematical details, and then present 
a sensitivity analysis. Variable parameters and values used are shown in Table 1, along with a glossary of all symbols used.

Surface d(t) = 0

Layer 1

H Layer 2

Layer 3

Figure 1. Geometry of the three-layer model discussed in text. Each layer has a characteristic height H and permeability k, with H \ - H H and H the 
magmatic layer. The layer is deformed under simple shear at a constant rate of strain. Insert shows the assumed granular nature of the magmatic layer. S = 
shearing force. N = normal force, dashed line represents the ideal glide plane (after Middleton & Wilcock 1994).
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Table 1. Variable parameters, values used and a glossary of all symbols 
used.

Symbol Parameter Value/unit

d grain size m
a stiffness tensor
co shear stress rate Pa s-1
G principal modulus 109 Pa
f external pressure term Pa
H, Hu H2 layer depth in
kkuki permeability in2 Pa-1 s-1
n porosity 0,01-0.1
p excess pressure Pa
t time s
u horizontal displacement Ill
V vertical displacement 111
y vertical position m
C strain rate s_l
P fluid compressibility Pa
i] melt viscosity 100 Pa s
9 stiffness parameter Pa
a' skeletal stress Pa
R fraction coefficient
F diffusion patametcr d(nfl'+}/G)/k
r time constant (up -y \/6)II2/k
\ Laplace frequency
& dilatancy ratio
R rotation matrix
E proximity to failure parameter
C anisotropy ratio

3 THREE-LAYER SYSTEM

A solution has been calculated for a conformation consisting of a deformable porous layer sandwiched between two permeable, but virtually 
undeformable layers. The layers extend to infinity in the horizontal directions, thus making tire problem 1 -D in the vertical direction. The loading 
consists of three elements: a shear stress, monotonically applied to the granular centre layer; a time-dependent fluid pressure at the bottom of 
the bottom layer and independently—a time-dependent fluid pressure at the top of the top layer (Fig. 1). For the time dependence at the top 
and bottom of the system a constant-rate boundary condition is chosen. These are called /’] and fi. The material properties of the layers are 
chosen to be fairly simple ones and from the outset it is recognized that an enormous amount of refinement may be introduced. The top and 
bottom layers are isotropically permeable, with permeabilities /ci and k2; their thicknesses are //i and II2. The middle layer has permeability k 
and this layer also has stiffness properties that are appropriate to its granular character. In addition there may be rate-dependent features, which 
are here suppressed partly for simplicity's sake and partly because the layer is supposed to be operating under very substantial isotropic stress 
and will be very densely packed with a high coordinate number (average number of contacts per particle). Rate effects come into existence 
when the medium ‘fails’, that is close to the isostatic limit at which point the coordinate number is such that static indeterminacy occurs; solid 
state viscosity is addressed in detail in an accompanying paper (Koenders & Petfbrd 2005).

Naturally, the stress path that is externally imposed on the medium will induce deviatoric stresses. It is envisaged that the medium 
dilates, which means expansion and loss of contacts. As a result the medium will become anisotropic. The latter is entirely accounted for in 
the material model for the middle layer. In Appendix C, furthermore, the limit that takes the medium close to failure is explored as part of 
the constitutive description, but the model is still operating solidly in pre-failure territory. Details on previous work dealing with dilatancy 
phenomena in sheared granular materials are given in (Petford & Koenders 2003) and not repeated here.

The mathematical exercise reported in Appendix A is concerned with a 2-D solution of Biot’s equations for poro-elasticity (Biot 1941). 
This involves the simultaneous solution of the stress equilibrium equations and the equation of continuity coupled with Darcy’s law. The basis 
for the equations is a decomposition of tire stress tr everywhere in the medium in terms of a partial fluid excess pore pressure p and a skeletal 
stress a': a= of — p&ij. The stress equilibrium equations for a problem that is independent of the horizontal coordinate x read

dcrin
= 0;

daL
0y ” dy 0v '

As a result the applied shear skeletal stress is constant throughout the medium; this (spatial) constant is called c{t). The vertical stress is 
constant throughout the medium; therefore, for processes that extend to the surface at which the stress is zero o-^ — p — 0.

The equation of continuity coupled with Darcy’s law reads

k
d2p
dy2

. di> = np p-y—.
dy (3)
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Here n is the porosity, /?' the compressibility of the fluid and v the vertical displacement; time derivatives are denoted by a dot over the 
variable. The coupling between the rate of volume change of the granular matrix dv/dy and stress equilibrium involves a stiffness measure 6, 
appropriate to that part of the volume strain rate that is directly associated with the applied shear stress rate c(t). The typical time constant t 
for the process is (nfi1 + 8~l)H2/k, as is easily verified by dimensional analysis. A further convenient parameter is the fraction of the applied 
shear stress that is converted to excess pore pressure at the very beginning of the process when no fluid flow takes place yet. This fraction is 
called R. Mathematical definitions of both 8 and R are elaborated in Appendix A. The time constant gives rise to a diffusion parameter: JX, 
defined as /T * + 0-1) f k.

The evolution of the excess pore pressure is determined for long times, t » r. There are two distinct cases. The first is the one in which 
the externally applied fluid pressures are significant, the second is the limit in which these pressure increases are insignificant. In the latter 
case the long-term behaviour of the fluid pressure in the three layers is entirely determined by the applied shear stress rate and a stable steady 
state appears, in other words, the leading term in the long-time expansion settles down to a time independent value. When there is an external 
fluid pressure increase no steady state settles and the leading term in the long-time expansion is proportional to the time t. The instability that 
is created in this way needs examination as the hydraulic failure that is associated with it will take place at the position where the pressure 
increase is greatest.

4 RESULTS

4.1 Externally applied pressure

General formulas are given in the appendix, but a simplified specialization is introduced in which the middle layer is much more permeable 
than the top and bottom layers. The long-time excess pore pressure is then:

Top layer.

Hfi-fx)yt Hf\ki - H\f2k2 - H2fxkx t
p{y’ Hk2 - Hih - *2 - #,*2 - #2*1 ’ 1 ;

Middle layer,
= ~*i*2(/i - fi)yt - #1/2*2 ~ #2/1*1

} Hkzk - k(H,k2 + H2k{) + Hki - H,k2 - H2k\

Bottom layer,
,____ k\{f2 — /i)y/ #/z*2 ~ #1/2*2 ~ #2/1*1
} ~ Hk2 - Hxk2 - H2k\ + Hk2 - H\kt - Htk\

The denominators in these expressions never vanish as H\ >H > 0 and H2 > 0. Now, identifying the top of the top layer with the 
surface of the Earth it is reasonable to set /] =0. Furthermore, any practical application would have //, — H ^ H while H, and H2 are of 
the same order of magnitude. Under these assumptions the excess pore pressures become approximately:

Top layer.
. _ -hfiyi H\fikit
* ~ //|*2 + H2ki + H\k2 + H2k] *

Middle layer,

_ —k\k2f2yt #1/2*2^
} + H1k]) + H\k2 ■¥ //2*i

Bottom layer,
n = -*iAy' . #1/2*2'

' //|*2 + #2*1 #1*2 + #2*1 '

(7)

(8)

(9)

The largest pressure in the middle layer occurs at the position y = 0 for positive pressure increases at the bottom. This is then the point 
where failure may first be expected in the granular mass for slow loading. For fast loading from the bottom the shear may play a simultaneous 
role, which is discussed below.

4.2 No external fluid pressure

In the absence of external pressure increase the changes in pressure for long times follow entirely form the applied shear stress rate. The 
formulas are developed in the appendix and the result is reported here.
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Piy, t) -

Top layer,
1 HRcify(Hk2 + 2H2k)
2 Hk2 - H\ k2 - n2k} 

Middle layer,

1 + IIM)
2 Hki - H]k2 - H2k]

p(y, t) = --Rcijdy1 +
HRck2Ji2y (H — Hy)
Hki - Ihh - Hiki +

HHoRckpr (# - fli) 
Hk2 - Hyk2 - II2k{ '

p(y, t) =

Bottom Iciyer,
HRckJI2)’ (H — H\)
Hk2 -Hiki- H2ki

II I-hRciql1 (H — H}) 
+ Hk2-Hiki-Hih '

Again the limit for ff, — H H in taken, wliile /7, and H2 are of the same order of magnitude. This leaves: 
Top layer,

, I HRcJi2(Hk2+2H2k) ,TT , 
p(y’,) = 2 Kk+m w-yh 

Middle layer,

Bottom layer,
, 4 HRckJrvHi ,

Kv't)=H&TJm(y+H2)-

(10)

(11)

(12)

(13)

(14)

(15)

For a wide range of practical values the terms linear and quadratic in y are irrelevant in the middle layer and the pressure becomes a 
constant, largely determined by the largest permeabi lity, which is a factor of 104 - 106 greater than that of the surrounding layers. Orders of 
magnitude of the pressure are RcJrkH H\ H2f(H-\k2 + H2ki), which is negative for dilatant materials. The negative value causes an increase 
in the magnitude in the vertical skeletal stress, while the horizontal stress remains unaffected. The stress state in die material in the vicinity 
of the granular layer becomes therefore more anisotropic, which may cause the surrounding material to fail. This in turn extends the width 
of granular layer and decreases the pore pressure further. Progressively then the layer becomes wider as shear continues and the pressure 
becomes more and more negative. Now, there comes a point when the granular layer itself crushes further which causes the permeability k to 
decrease as the grain size becomes smaller. The latter effect will decrease the magnitude of the pressure increase and a steady state is reached 
when (kHy vanishes, that is when the growth in the layer and the reduction in permeability due to further crushing even one another out.

Note that the flow that follows from tire pressure gradient is greatest in the vicinity of the top layer, which is more permeable: k | /k2 ~ 
103. All this holds for slow processes, that is, processes that have a time constant that is long compared to the consolidation time estimated 
above.

4.3 Short-time pressure development

For fast processes it is interesting to follow the short-time development. The formulas for this regime are derived in the appendix. Defining 
the function F (71) as in Appendix B, they are:

Top layer.
Rc-fi H fp RcH\t

P(y, t) ;r-yt +
4/m./VV2

H — H\’ H — H\ H — H\ 3k(,i (H — 
+ 2k2(fz-Rc)p2^-H0 r^ f _4f

+

Middle layer,
H2k(H — H\) \H2Ji

0-

k2p2 (Rc - f2) y3 ^ f 4/ \ kt p,2 (Rc-fi)
p(y, t) Ret - v~"rr F +

kHi k(H-Hi)
x [(// - y)3 F (........+(77+ yf F f ------------- ----- .

L \(H-y)2Ji2/ KtH + yf-jZ1/]

(16)

(17)

Bottom layer,
, ^ Rc-f2 n. 4k2f2t3/1

piy* 0 —^ ————yt + Ret + — ----- ——-f
Hi SkpHi^/n

2/c, {Rc-f^b’ + Hj)
H2k(H-Hi)

ifPlT7)
(18)
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The same limit as before is taken and the external pressure increase is ignored. 
Top layer.

(19)

Middle layer,

{H + yf-jZ1
)]• (20)

Bottom layer,

(21)

It is helpful to use a scaling as before: all length scales scale with the thickness of the granular layer - y = y* H, H\ = H\H, H2 —
H\ H - the time scales with H2^} — t = - and the pressure scales with RcH2fi2 - p = p*RcH2pr. Now the scaled pressure in the
middle layer takes the form

(22)

Using the analysis of the function F gives for the values that are expected for the materials involved a simple linear initial relationship 
that is independent of the position

(23)p(y, t) -+ Ret.

Therefore, the extension of the granular layer is mostly associated with long-time behaviour.

5 DISCUSSION

5,1 Melt extraction at the base of the lithosphere

We now demonstrate the applicability of the three-layer model to the problem of melt extraction at the base of the lithosphere. In the shallow
mantle beneath mid-ocean ridges, gravity-driven compaction is generally regarded as the dominant melt extraction mechanism (e.g. Kelemen 
et al. 1997), although deformation also appears to play a role in the local segregation process (Nicolas 1986). However, potential melt 
extraction mechanisms at deeper levels have not been addressed in any great detail, despite the fact that decompression melting at depths 
close to the base of the lithosphere is a consequence of geodynamic models of mantle plume magmatism (e.g. White & McKenzie 1995; 
Jackson 1998; Ernst & Buchan 2003). With increasing depth in the mantle, there comes a point where the pressure gradient driving the flow 
(buoyancy difference between the melt and solid phase) becomes zero (e.g. Turcotte & Schubert 2002) so that melt extraction must require a 
mechanism not controlled by buoyancy forces alone. Deformation of a melt-bearing layer due to stresses associated with plume impact, or 
shear due to lithospheric plate motion (Kerr & Meriaux 2004), are potential candidate mechanisms. Indeed, in a recent numerical study of 
mantle plume-lithosphere interaction, d’Acremont et al. (2003), estimates are given of the magnitude of shear stress and strain rates during 
impact. Using the results of the three-layer model set out above, we now investigate the effects of deformation on a melt region beneath the 
lithosphere undergoing simple shear due to plume head spreading. Note that we are dealing here with the long-term solution only; pressure 
changes on shorter times (t -* 0) relevant to higher rates of loading are given in Appendices D and E.

The generalized geometry of an upwelling mantle plume beneath a rigid lid (adapted from Parmentier etal. 1975; Campbell & Griffiths 
1990). is shown Fig. 2. In their numerical study, d’Acremont et al. (2003) showed that the strain rate field is greatest on either side of the axis 
of upwelling. This situation conforms broadly to the three-layer geometry outlined in Fig. 1, with an assumed partial melt region in Fig. 2 
corresponding to the middle layer H. For the calculation that follows, we take the following values: Hi (lithosphere thickness) = 100 km, 
H = 500 and 1000 m, and the lower layer {Hi) assigned an arbitrary depth of 2 x 105 m. The choice of permeability constant (k) for each 
layer is made according to

(24)

where d is the grain size, n is the melt viscosity and n is the porosity (melt fraction). Note that in this formulation, the units of permeability
are m2 s“! Pa^1, and thus differ from those of m1 more commonly used in geological applications (e.g. Dullien 1992). Values of ^ and k2 are
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Lithosphere

-1

Figure 2. Mantle plume model (after Parmcntier et al. 1975; Campbell & Griffiths 1990) showing flow lines diverging beneath the lithospheric lid. An axial 
magma lens is located in the central region of the plume head.

10-211 and 10-' nr s_l Pa-1 (n = 10-3 and 10_:), respectively, while those in the melt layer are at least three orders of magnitude greater. 
The melt fraction (n) in the middle layer is fixed at 10 per cent, and has a fixed viscosity of 100 Pa s. While both these values are questionable 
(Schmeling et al. 2003) estimate a melt extraction threshold of 1 per cent for the Iceland plume), and the melt viscosity may be as low as 1 Pa 
s, such details are easily added as a refinement and will not change the outcome significantly. Calculations were performed over a grain size 
interval in // of 1 mm to 30 microns and constant strain rate of 10-15 s_1. typical of mantle convection (Turcotte & Schubert 2002).

The results showing the excess pore fluid pressure (p) and melt flow rate (</) for the above initial conditions are shown in Figs (3)-(5). 
Note that it is our intention only to give an impression of the possible order of magnitude estimates of flow rates and excess pressures that 
follow from our mathematical model. Fig. 3 shows the typical calculated profiles of excess pore pressure and flow rates as a function of depth 
through the middle layer H. A major control on the magnitude of the excess pore pressure is the layer permeability. Values of p decrease in 
layer H2 towards the base of layer H( v = 0). and stabilize across the layer at a value of — 1.66 x 107 Pa. The corresponding lithostatic pressure 
at 100 km is ca. 4 x 109 Pa. Above layer H, the pressure in H \ continues to increase gradually towards the surface. The corresponding fluid 
(melt) flow rate is shown in Fig. 3(b). In the coordinate frame used here, negative flow velocities mean upwards transport, positive values 
imply downwards motion. Fig. 4 shows the effect of increasing the layer depth in // to 1 km. combined with a reduction in mean particle 
size from 1 mm to 0.5 mm. The revised permeability ratio k\/k of ca. 4 x 10-7 gives rise to excess pore fluid pressure of —3.3 x 109 Pa 
(Fig. 4a). and a slightly increased melt flow rate at the base of layer H (Fig. 4b). In Fig. 5. the grain size in the middle layer H (500 m), is 
now 30 microns, and the corresponding permeability 8 x 10-17 m2 s-1 Pa-1 (k\/k = 1.25 x 10-4). The result of reducing the permeability 
of the middle layer closer to the background values £| and k2 is to produce a distinct curvature in the pressure profile across H (Fig. 5a). 
Accompanying flow rates are shown in Fig. 5(b).

5.2 Strain rates and melt flux

The calculated overall flow rates of 10-14 to 10~13 m s _l are low for the given examples (several metres per million years), and decreases 
from a maximum at the base of the middle layer to zero at the top. Note however that this need not be a slow process. Both the pressure and 
flow rate scale with the loading rate, so that an increase in magnitude of strain rate results in a corresponding increase in the flow velocity. 
Thus, for a strain rate of ca. 10-'2 s_l, corresponding to the maximum base plate loading rate of d’Acremont et al. (2003), and a reduced 
melt viscosity of 1 Pa s, the local flow rate will be of the order of 10-9 m-1 (~ 30 km Ma -l). This estimate, arrived at independently, is 
within an order of magnitude of the derived rate of plume head flattening (0.2-0.3 m yr -l) of d'Acremont et al. (2003). We can also consider 
the melt flux rate needed to sustain constant displacement across the middle layer H of 10-15 s-1. This is of the order of 0.03 m3 s-1 (8 x 
105 m3 yr-1) for a conservative area of 500 km2. One test of the model presented here would be to use estimates of heat flux into the base of 
the lithosphere above plume heads as a control on possible melt flux. The flux rate could then be inverted to recover potential displacement 
rates and layer permeabilities. Finally, we note that by simply reversing the permeability ratio such that k2 > k\, and fluid in layer H, would 
be drawn downwards into the deforming layer H from above at rates similar to those discussed. Potential sucking of fluid (a basaltic melt
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Figure 3. Plots showing excess pore pressure (p) as a function of strain rate (e) through a part of a three-layer mantle of thickness H \ = 100 km and Hi = 
200 km. The region of interest (middle layer H) is 500 m thick, with a grain size (d) = 0.001 m, porosity (n) = 0.1 and ij (melt viscosity) =100 Pa s. (a). 
Pressure order of magnitude in H (0 < >' < 500 m) is —1.66 x 10 Pa. Corresponding lithostatic pressure is ca. 4 x 109 Pa. (3b) Fluid flow rates across each 
layer (*(/*= 1.1 x 10-7).

fraction) back into the partially molten layer would have a number of interesting geochemical implications worthy of further investigation. 
The analytical solutions presented here are also amenable to further exploration using numerical methods.

6 SUMMARY

We have derived a set of equations, based on Biot’s equation that capture the order of magnitude excess pore pressures and flow rates in 
a three-layer system of arbitrary thickness during constant loading by simple shear. Emphasis is placed on the middle layer, which has an 
assigned porosity (melt fraction). We find that for a given layer height the ratio of permeability between the layers exerts a strong control 
on the pressure development and flow rate in the middle layer H. Where the internal pressure results entirely from the applied shear stress 
rate (no external fluid pressure), the pressure in H becomes constant and determined largely by the highest permeability, which is a factor of 
K)4-!!)6 greater than that of the surrounding layers //i and Hi. The pressure is of the order RcJZ2kHH\ Hi/(H\k2 + Hik\), which is negative 
fordilatant materials. The negative value causes an increase in the magnitude in the vertical skeletal stress, while the horizontal stress remains 
unaffected. As loading continues, the stress state in the material in the vicinity of H becomes more anisotropic, and may ultimately fail. In 
order for these abstract results to be understood more easily, the problem of extraction at the base of the lithosphere was investigated as a 
model case study. For a fixed loading rate of 10”15 s_l (typical plate tectonic rates), excess pressures and flow rates are of the order 107 to 109 
Pa. and ca. 10-13 m s-1 respectively for a model geometry corresponding to an upwelling mantle plume at the base of the lithosphere.

The detailed equation set given in the appendices will allow further exploration of the parameter space, and can be made applicable to a 
wide range of geophysical problems where a robust mechanical understanding of deformation and flow in porous materials is required.

Finally, while it is tempting to take limits so that the problem is reduced to a local one. that is one in which the properties of the central 
layer are present and none other, it is not advisable to do so. The difficulty is that in the present formulation, both the thickness and permeability 
are taken together. Their product may well be finite in comparison with the other terms. Therefore, any limit taking should be done very
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Figure 4. As Fig. 3, with middle layer H = I000 m, c/ = 0.0005 m. n = 0.1, r; = 100 Pa s. (a) Excess pore pressure order of magnitude is —3 x 109 Pa. 
(b) fluid flow rates across each layer (k\ /k = 4.4 x 10-7).

carefully, taking full cognisance of the manner in which permeability and length scales operate together. Both long and short scale aspects 
cooperate in this problem. The formulas in Section 4 are simple enough to evaluate the entire problem.
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APPENDIX A

A1 Solution of the three-layer problem

The stress-strain relation is written as (see Petford & Koenders 2003)
1 dll 30
rOtttJT—I- aji22mr- 2 dy Oy

1 Bit
rOt212 7r‘ + al222~

Bv

'By Bv

Bit Bi)
1721 ~ 2°21l23v ^n2122 3v

1 Bit Si)
a22 == r«2212T-----1-«2222 —,

I oy oy
where the displacement components are (a, v).

The consolidation problem in a three-layer system with the following properties:

Top layer undeformable permeabilityporosity a,,
Middle layer deformable permeability A- porosity n,
Bottom layer undeformable permeability^ porosity uj-

The dimensions are: top layer II < y < My, middle layer 0 < y < ff\ bottom layer - II2 < y < 0.
The excess pore is specified in H\ and — H2: = f i (/); p{— H2) = f 2 (0-
It is assumed that the overburden is constant as before (Petford & Koenders 2003): &21 — p = 0.
In the top and bottom layer the pressures are linear in the position (they satisfy Darcy’s law qv = - k\,2 Bp/By with the continuity 

equation Bqv/By = 0, hence

Top layer 
Bottom layer

p(y, 0 = ?i(f).v-t-3i(0 
P(v, t) = l;2(t)y +

(Al)

Introducing the auxiliary variables 0 - (fii2i2«2222 — «22i2ni222)/«i2i2 and R = a2212/[a nnOiP'O + 1)], Biot’s equation holds as before 
(Petford & Koenders 2003) in the middle layer:

^ = 0c
3y2 e Bt eK H JBt

The boundary conditions are

0) p{Hl) = fi(t)
(2) p(- H2) = f2 (0
<3) *<({?),*»=*(!?)**
(4) /c2(5) J.to = ^'(|:)

(5) (P) y\H = (P) y\H

(6) (p) ,,jn = (p) j.40
(7) c(l) given as a function of time.
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The equations are then Laplace transformed. The transformed parameters are denoted by a hat and the Laplace frequency is called A.. 
Laplace transforming gives the following set of solutions

Top Rv) = ?i (k)y + (A-).
Middle p(j>) = /?c + ^(X)c'lv + (7)
Bottom p(y) = + m(^)-

where p m J(nP'6 -f 1 )\/(9k). The first six boundary conditions can be employed to obtain the six coefficients in the above expressions

kxell“(H2kfi + kiXKc- f\) + M/i ~ Kc)(Hkp - HxkjL + kj) 
e2Hli(Hkf.i - fhkfi - ki XH2kii + k2) + (k2 - H2kp)iHkp - //,Jt/x + At,) ’

-eHt,{k2eH>J{Hkii -Hxkp- k^Kc- f2) + kY{fx - Kc)(H2kp - k2)) 
e2,ll‘(flkp — II | kp — k\ )(H2kfL + k2) + (k2 — H2kp,)(HkfjL — H]kp + k\)’

ew,l{N f\kp — H\ Kckp — f\k\ ){H2kp + k2) + 2Hikk2jieH,L(lie — f2) 
e2t/'l(Hkii - II^/i - k]\Hikp +k2) + (k2 - H2kp)(Hkp, - H\kp + Jt,) +

_______________(k2 - H2kp)(Hf\kp. - HjKckp + /ifr)_______________
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(A3)

(A4)

(A5)

7 _ kfxew,l(H2kp + k2)(Kc — f\) + 2k2eHl,)(f2 - Kc) + {fi - Kc)(H2k{i - k2)
1 e2HfI(Ifkii — H\kp — k])(H2kfi + k2) + (k2 — H2kp){Hkp — H\kp + A:i)
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e2Hlt(Hkfi - H]kp - k])(II2kp + k2) + (k2 - H2kp)(Hkp - Hikp T ki)

(A6)

The inverse transform is very complex, but the behaviour for long times can be read quite easily as this corresponds to the limit A. -► 0. 
Introduce the auxiliary parameter Ji = pf-Jk (independent of A,). The pressures in the three layers are evaluated following the scenario that 
the functions / ] (/), / 2 (/) and c(t) are linear functions of time: fj(t) = fit, f2(t) = fit and c(t) = ct. An expansion in VX gives a set 
of terms of orders A-2, A-1,..., corresponding to time-domain contributions that are proportional to t, constants,... The first set of terms, 
proportional to A"2, give pore pressure for long times as follows.

Top layer.

p(y> 0
kk2(f 2 - fi)yt Hfik2{k -k])~ k{Hif2k2 + //2M) ^

IIk2{k -k])- k{H]k2 + H2ki) + Hk2{k -k\)~ k{H]k2 + ILk]) (A7)

Middle layer,

-kMf\ - fi)yt Hf2k2{k -k])- k(H]f2k2 + H2fikx)
Hk2(k-k])-k{H\k2 +H2k\)+ IIk2(k ~ k{) ~ k(H]k2 + H2k]) (A8)

Bottom layer,

P0-. 0 =
kk](/2 - f])yt Hf2k2(k - kx) - k{H] f2k2 + H2fik{)

Hki(k - it,) - k{H]k2 -f H2kx) + Hk2(k - k]) - k(Hxk2 + H2k]) (A9)

The second set of terms need only be considered if the coefficients of the first set of terms vanish. This is the case when the external 
pressures/1 (/) and/2 (/) are constant, in other words, when /1 and /2 are both zero. In this case the pore pressures are 

Top layer.

1 HRckp2\iHk2 + 2H2k) 1 H H]Rckjf(Hk2 + 2H2k)
2 Hk2(k — k]) — k{H]k2 + H2k]) ~ 2 Hk2{k - it,) - k{H]k2 + H2k]) (A10)

Middle layer,
1 ! 2 1 HRck2Ji2y [H(2k - kt) ~ 2H]k] 1 HfyRckp1 [H(2k - kx) - 2H]k\

~ ~2Rcil F + 2 Hk2(k-k])-k(H]k2 + H2k]) +2 Hk2{k — fc,) — k{H\k2 + H2k\) (All)

Bottom layer,

1 HRckJry [H(2k - A',) - 2Hxk] 1 HH2RckJCl [H{2k - A,) - 2/f, A] 
t’~ 2 Hk2{k - A,) - k(H]k2 + //2A,) + 2 Hk2(k - A,) - k(H]k2 + //2A,) (A 12)
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A further specialization is considered in which the middle layer is much more permeable than the top and bottom layers, this reduces to 
Top layer,

, , = W2 - J\)yt Hj\k2 l-hf2k2 - /AM ,
7 Hk2 - Ihh - Hiki Hko - Hxk2 - H2kx 

Middle layer,

p<v t) = Hf2k2~Hj2k2-H2fxkx
P " ^ Hk2k - k{H\h2 + H2k}) IIk2 -Hxk2- H2kx

piy-1) =

Bottom layer,

k\(J2 - fi)yt , 7//2A'2 — /A/2/12 — H.Jdci 
i------- rr:----- c:1";'.... -----------1.Hk2 - Hxk2 - Ihk] Hk2-Hxk2-H2ki 

And, if /] and f2 are both zero.
Top layer,

_ I HRcjf\iHk2 + 2H2k) 1 HH\ RcJi2(Hk2 + 2H2k)
P[y' ~ 2 Hk2 — Hxk2 — H2kx 2 IIk2 - Hxk2 - H2kx '

Middle layer,

. 1 , , IlRck2'tX2y (II — Hi) HH^Rckfr (II - II{)p(j>, t) = —-Rcury- H----- -------- =--------------- ]-------------
2 Hk2 - Hd^ - Ihh Hk2 — H\k2 — H2k]

Bottom layer,

HRckJi2y (II - Hi ) HlhRck'JX2 (II - Hi)
P{y't} ~ Hk2 - H\k2 - H2ki + IIk2 - Hik2 - II2k\ '

(A13)

(A 14)

(A 15)

(A 16)

(A 17)

(A18)

For short times expansions can also be found. The coefficients A..(2 are approximated for large values of X, by expanding in terms of
e-H„.

A = kie-Hlt {R£-/Q 
Hkp — H\kfi — kx + O (e~Wl1). (A 19)

B =
(fi - Kc) k2 kie-"''(Kc-fj)(H2kiL-k2)
H2kp + k2 (Hk/i - Ilikp - kx) (H./ik + !c2) + ^ * (A20)

Ilfikp-HiKck^-fiki 2Hikk2i.Le-H“(Rc-f2)
Hkp - Ihkn - /c, + (Hkn - Ihkix - ki)(H2lik + jt2) + ° ' )

H2Rc/cll + f2k2 2H2kklne-H» (He- /,)
II2 ph + k2 + (Hk/i - IIiki.1 ~ ki)(H2lik + k2) " ^ ’’

. 2kk2pe-^Q2-Kc)
Hkn - Hi leu - kx (II kp. - Hi kp - k\) (H-,pk + k2) K

?2 =
kp (He-f2) Ikkjpe {Hc-fx) ( 1Hl,

II2pk + k2 (Hkp - Hkp - kx) (Hjik + k2) K

(A21)

(A22)

(A23)

(A24)

For large values of X the dominant terms are retained only:
kie-H'1 (RZ-Ji)

A. —^ ..... ,
(H-Hi)

B 3 {?2-Rc)k2 kje-^jRc-/,)
H2kp !cp(H — H) '

A . Hj\kp - HRckp - 7,/d 2Hlk2e-H<i(Kc-f1) 
m kp(H-H) + H2kp(H — H) '

_ H2Kekp + %k2 2k\ pe~H^ (fic-/,)
1/2 '—^ 1 -f*  ........... . ——— ,

Hpk kp(H-H)

t . ^~/i | ^k2e~Htl (f2 IH)
^ H-Hx H2kp(H — H) "

(A25)

(A26)

(A27)

(A28)

(A29)
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/fc-/ 2A,e-^ (/??-/,)
Hi HikniH - H)

In the time domain one obtains the following for the initial pressure development. 
First define the auxiliary function (see Appendix B)

„ „ e-''T(T+\)Sf (37' + 2)erfl:i/v'F)-3r-2
r,T>-----------^7?--------+-------------------12----------------- ■

piy‘)

Top layer,
Rc-ft
H - Hi 

2kA
+

vt +
H/Xt RcH\t Akxfxt 3/2

H - Hi H - Hi -ikTHH - Hi)^n
2k2(fi - Rc)n2{y- Hi) , / 4/ \ 

H2k(H-Hi) V Htf ) '

Middle layer, 

p(y. l) —► Ret +
kjp2(Rc- fj)

k(H
C [(// -y)3F (------4/ 2 + (// + v)3 F (------+
- Hi) [ \(H-y)2TT2/ \(H + y)2jr2J]

kitfjRc-fJy'
kfr m

piy, t)

Bottom layer.
Rc-fi

Hi
4*2./V3/2

yt + Rc, + WH^ +

2kj (Rc — /i) p2 Q' + Hi) tiJr f 4/ \ 
H2k(H-Hi) \W7T2)

(A30)

(A31)

(A32)

(A33)

(A34)

APPENDIX B: THE FUNCTION FIT) 

The function FfT) is defined as
e-ur ij . \\Jt (3T + 2)erf(l/vlT) - 3T - 2

F(n=--------T77------- +----------------------------------------- (Bl)

The function is plotted in Fig. B1.
In eq. (A34) it is seen that for small, finite values of t the argument of FfT) may still be very large. The function is thus investigated for 

large values of the argument; it behaves as
7” 3/2 VT

F(7T m - — + i- 
60r 4 lyfH

(B2)

-------  F(T)
------- F(T) approximated for large T

Figure Bl. Plot of function F(r)-
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This formula is useful for geological applications, because generally the shear rate, rather than the shear stress rate, is imposed. One
obtains
„ «[^2-<(P + f+ D-C(fi2-D] .

^-i(C + l)-<(e2-l) ,in (C9)

n «2 + ««-l) + C(«2-l) 
i2 -5(f + l)-<(e2 - 1) (CIO)

e[^2-6(e + < + l)-<(e2 - 1)] du
2 [«2 + «(4eC + C + 1) - < (g2 - !)] ^,u dy' (Cll)

And the parameter that controls the pressure distribution

Rc S2+ i(C - l) + {(e2 - l) dii
ft 2[A2+a(4*C+< + l)-{(*2 - 1)] »y' (Cl 2)

This parameter takes a simple form when the limit e -+ 0 is taken: Rc/9 -► - (6 - 1) / [2 (<5 + 1)] Su/3y. Therefore, Rcji2 -*■ 
-(& — 1) / [2^ (5 + 1)] du/dy. In passing it is noted that in this limit <r'n = <r'2n and <t[2 = <t.(, (S - f) / (i + f).

APPENDIX D: PLOTS FOR f -► 0 FOR /, = 0 A N D /2 = 0

For 1 small the approximation is: 
Top layer.

p(\\t) Rc — f\ , Hfxt■vt +
RcHxt 4^i/it3/z

H -H\- H — H\ H — H\ - tf,) V*
With ~ Rc)jT2 (y - Hi) ( 4t \

H2k(H-Hx) \ mjr2)
Middle layer,

p(y. t) -► Rct+kUL J ^ [(« - v)3 F (-------+ (W -(-v)3 F (--------------------- ——5—
k(H - H\) [ \(H - y) n2 / \(H + yff? J}

k2lJ.2 (Rc - f2) y2

Bottom layer,

Rc — fi 4k2f2ti/2
P(y< 0 -► ---- 77—-vt + Rct + TT—Ti rJ- +5knH2y/n

+
H2

2k\ {Rc - fi)p2 (.v + H2) { 4/ \
H2k(H - Hi) \H^Jl2)'

The statement small’ means t <5C H2Ji2. If /j =0 and f2 = 0 the pressure in the middle layer reads

p(y. t) Rct -(- k(>'t R</ [(// - y)3 F f ——ii—') +(// + y)3 F ( +
k(H-Hi)l \(H — y) Jr/ V(// + y)‘FVJ

k2n2Rcy}
Th~ w

Expressing all times in imits H2p2 and all pressures in units RcH2n2 yields 
k.p*(v, n -> r +

kH2(H - H)
^y3 r(4H2‘*\

(Dl)

(D2)

(D3)

(D4)

(D5)

Now. it is more convenient to introduce a function G(T) = T 2/2 F{T) (this function is plotted in Fig. Dl) and then one obtains 
kiH(4t*)yi

p*(y,t*) -► r* +
4t*)3/2 f / 4H2t* \ ^ / 4H2t* M-Hi) L ((f/-y)2)+ ((// + .v)2)J

k2H (4tm)il2 /4H2t* \
—Tn—G\—)- (D6)
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So. for example, in the term ^ ^ behaviour 'n ^e vicinity of >’ = 0 is

kiphRc - /2)/ y2y/i _W 4/3/2 \ 
kH2 \7i7% JT2 + WJ*)- (B3)

APPENDIX C: THE VALUES OF THE STIFFNESS COMPONENTS

Insight in the values of the stiffness components of the tensor a is provided by considering the much-studied triaxial or biaxial cell test results. 
In the 2-D version of this test a sample of a granular aggregate is compressed isotropically and loaded deviatorically in such a way that one 
of the stresses is kept constant, while the other normal stress is slowly increased. This stress path is different from the one envisaged in this 
paper where pure shear is applied. After a certain amount of deviatoric loading the dilatancy is constant and the sample reaches a state in 
which the stress ratio is virtually constant, until—after sustained straining—the sample fails. Numerical simulations on such samples have 
been reported by Kuhn (1999) and have been analysed by Caspar (2002) and Caspar & Koenders (2001a,b). The incremental stress-strain 
relation (i.e. an increment of motion from the pre-stressed reference configuration) in the coordinate frame that coincides with principal total 
stress axes (the 41 * direction is the major principal stress direction) has the following form:

^,4iiii 0 0 -41122 ^ ^11 ^
. t
a\2 0 G G 0 e\2

*21 0 G G 0 «21
\a'ul ^ A2211 0 0 A2222) (*22)

In the dilatant regime the ratio of A nw/A 2222 is a constant 4: the ‘outer' determinant of the stiffness tensor nearly vanishes: A]i\iA 2222 

- ^iik^ii = £;4mi 4 2222; the shear modulus G also nearly vanishes: —G = e/1 lin and the sample becomes constant anisotropic so that 
the ratio A\\w/A2222 approaches a constant value C For all these reasonable values can be introduced based on the observation and analysis 
of numerical simulations, that is, tests in which arbitrary increments of strain can be superimposed on the reference configuration.

In order to obtain moduli that are relevant for the shearing path it is assumed that the stiffness tensor relative to the total stress tensor has 
the same form as the one for the biaxial cell test, because it represents the state of the material after persistent deviatoric loading. The rotated 
tensor is obtained from

Gtthcd Rai Rhj R-t'k R<tl AijH,

where R(«r) is the rotation tensor, which in two dimensions is given by

R<«) = (cos a — sina\ 

sin a cos a /

The value of a for pure shear is -it 14.
Using these considerations the relevant moduli become 

4: -4<£ + l)-f(*2 - 1) ,
**1212 =

44<

42+4(f - l) + e2f - f ,
**2212 =------------------------ ------------------41111.

44?

42 + 4(4*?+? + l) —f(*2-l) , 
**2222 = ----------------------- 77Z----------------------- 4 j 111,

**1222 =

44?

42 + 4(l —?) + ?(*2~ 1)
44? ^mi-

(C2)

(C3)

(C4)

(C5)

(C6)

(C7)

And as a result, in the limit of incompressible fluid, 6 and R can be evaluated. For long times, furthermore, dp/dt vanishes as the excess 
pore pressure distribution is constant. The latter leads to

1 du dv
C = T**2112 T” + **2122 T“

2 ay ay

1 9h di>
9 = “**2212 "T— + **2222 — ,

2 ay ay
or
_ _ • **12I2**2222 ~ <*2212**2I22
c T " q • VV*/

2 <*2222 ay
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H* = 1000
k2/k = 0.01

t* = 0.01

t* = 0.02

-2.0e-5 0.0 2.0e-5 4.0e-5 6.0e-5 8.0e-5 1.0e-4 1.2e-4
P*

Figure El. Plot showing short-time solutions (t —► 0) of excess pore fluid pressure (p*) as a function of position (v*).
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G(T)
Figure Dl. Plot of function G( F) b 7 3/2 F(r).

For the practical situations in which H HH2 and k y> k\, and noting that G(T’) < 0.072 while (f*)3/2 <SC t' 
the leading term in this expansion is f. Thus

pXv.t0)-* r.

APPENDIX E: PLOTS FOR t -»0 FOR /,=0AND c = 0

For i small the approximation is:
Top layer.

Middle layer.

Kv'', km
Bottom layer.

y fz Uzfzt*'2

Expressing all times in units H2Ji2, all pressures in units f iH2TZ2 and all lengths in units H yields: 
Top layer.

2k, (y* - H'\
p )-* --------LrF(4r*).

Middle layer.

pXv..^ F (2!L) = *zl4,'|i,:G f iC).
p'- kH; ViT?/ ‘W VfF-r/

Bottom layer,
. . . y‘f 4*2(f‘)3/2

p O’ . / ) -► — + —2----- =F K ’ ’ H; IkHly/Z

See Fig. El for plots of the solutions.

. it is concluded that 

(D7)

(El)

(E2)

(E3)

(E4)

(E5)

(E6)
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SUMMARY
We report the results of an analytical investigation into the deformation behaviour of rate- 
dependent granular material as a refinement of previous studies on seepage phenomena during 
shear. The rheology has two components—a compliant part of the constitutive law associated 
with grain contacts as deformation takes place (dilatancy), and a rate-dependent viscous force 
transmitted by the melt phase. This formulation allows intermediate, time-dependent behaviour 
to be assessed for the dilatant porous medium. A key result is that during shear, the magnitude of 
the excess pore pressure first decreases then increases back to its initial value. Two characteristic 
timescales are identified that control the rate-dependent dilatancy of the mixture, n, the time 
constant that rules the increase of the magnitude of the excess pore pressure, and Tq that 
controls its decline. We consider the dilatant effect to be an internal constraint in deforming 
magmas in the lithosphere and other porous (partially molten) regions in the solid earth. When 
such regions are exposed to external loading, secular pressure changes should drive fluid 
flow independent of local buoyancy forces, for the duration of the governing rate-dependent 
timescales. The accumulated heave of the process is also estimated.

Key words: dilatancy, fluid flow, magma, shear strain, rate dependent, rheology.

1 INTRODUCTION

Data from experimental studies and field observations show that rate-dependent effects play an important role in governing the rheology of 
deforming, partially molten aggregates at elevated temperatures and pressures (e.g. Press 1959; Arzi 1978; Van der Molen & Paterson 1979; 
Kohlstedt & Zimmerman 1996; Bagdassarov etal. 2000; Marsh 2002; Rosenberg & Handy 2005). Recently, Petford (2003) and Koenders & 
Petfoid (2005) have investigated tire effect of dilatancy in partially solidified magma subjected to a shearing strain. This brief communication 
is concerned with an important refinement of our model to include the effects of constitutive, intermediate (rate-dependent) behaviour. Magma 
solidification is assumed to take place in such a way that a fairly densely packed granular matrix has come into existence. In addition to 
a rate-dependent effect due to the permeability of the packed bed, which is manifest through the viscosity of the magma, an elastoviscous 
rheology is assumed for the granular aggregate itself. The viscous behaviour* of the latter may be specified in two ways. The first is a Kelvin 
model in which the total stress is specified as the sum of the elastic and viscous partial stresses; the former is proportional to the strain with a 
stiffness proportionality tensor, the latter to the strain rate—and this set of proportionality coefficients is the viscosity tensor. The second is 
Maxwell relaxation model. Here the strain rate is given as the sum of a term that is proportional to the applied stress (via an inverse viscosity 
tensor) and one that is proportional to the stress rate (this proportionality tensor is called the compliance tensor). There is probably no single 
underlying physical reason for the rate-dependence. In part it may be due to the manner in which grains interact with one another—both 
through solid contacts and through the melt phase. Some of the melt phase is possibly trapped amidst the asperities of rough grains, see 
Figs 1 and 2. However, it is also possible that for welded (or rewelded) contacts the solid material itself deforms according to a rheology that 
possesses both elastic and rate-dependent qualities.

The choice of description is not arbitrary, as both Maxwell’ and Kelvin’ model have their own idiosyncrasies. When the Kelvin model 
is employed the long-time behaviour* of the problem deviates very little from the one obtained in Petford (2003). In this case all the stress and 
pressure fields approach a time-independent ‘final’ value, which is different from those before the deformation commenced. For the Maxwell 
model the situation is quite different; it will be demonstrated below that, though the shearing persist, the pore pressure fields are ephemeral: 
after a time the pore pressure returns to its initial value and the fluid flow ceases. So, it is interesting to characterize the time-constant(s) of 
the problem and also to calculate the amount of fluid that is being displaced after the onset of the deformation.

© 2007 The Authors
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944 M. A. Koenders and N. Petford

Figure 1. Thin section photomicrograph of a gabbro (Rum, Scotland) showing irregular asperities (arrowed) developed along plagioclase grain boundaries. 
Dark regions between adjacent grains are relict pockets of trapped melt (Courtesy M. Holness, Cambridge University).

Potential locations 
of trapped melt .

Figure 2. Illustration of particle surfaces with asperities (after Jenkins & Koenders 2005). The asperities (irregularities to the grain shape and exaggerated in 
scale here for effect, see Fig. 1). have a compliance {(1), a height (i) and are separated by a distance 2h.

The aggregate is sheared. The granular nature of the medium, together with the persistent load at low isotropic skeletal stress, gives the 
medium directional characteristics. To accommodate the directional material properties a tensor description is required. The phenomenon of 
dilatancy is associated with the anisotropy of the granular matrix. At the same time, the medium is in the limiting state (when the material 
strength fails) as there are too few solid contacts. Physically, the granular assembly has a coordinate number that is slightly below, or just at, 
the isostatic limit (Ball & Blumenfeld 2003), and it relies on the fluid interaction between the grains for its stability.

Other than the rheology, where creep effects were neglected, the problem is similar to the one treated originally by Koenders & Petford 
(2000). The thickness of the layer is called L. The permeability is called k (this is the physical parameter, relating superficial flow to pressure 
gradient; it has dimension m2 Pa"1 s"1) Pure shear is applied in such a way that the ambient shear deformation is communicated to the medium; 
the imposed deformation field may be due to either the tectonic background or to local phenomena. While no dynamic analysis is taken into 
account, the latter may be associated with slow earthquake activity. The problem is 1-D: the layer extends infinitely in the .redirection. The 
top of the layer, at x 2 = Z., is impervious: the bottom of the layer. x2 = 0 has a zero excess pore pressure (Fig. 3). The problem is independent 
of the horizontal x3 direction.

The shear commences at time l = 0. For f < 0 the whole system is deemed to be in static equilibrium. For f > 0 flow and deformation 
phenomena take place, driven by the deviation of the stresses and fluid pore pressure from their static (rest) values; these deviations are called 
‘excess’ stresses and pressures.

The problem is solved using Biot’ equation (Biot 1941), with appropriate rheology supplied. The purpose of the exercise below is to study 
the pore pressure field and the associated flow field under the rheology that involves both an element of solid compliance and rate sensitivity. In 
particular, a number of time constants are identified, that characterize the problem and give insight in the coupling of the geometric factors, the

© 2007 The Authors, GJ1,171, 943-953 
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Strong layer

Figure 3. Sketch of the one-layer geometry (afler Pctford & Kocndcrs 2003). The layer is deformed externally by pure shear at a specified loading rate e. 
Ratc-dcpcndcnce and dilatancy takes place in a densely packed granular layer bounded by a lower, liquid-dominated region with no excess pore pressure [</(r) 
= 0] and a stiff, impermeable upper lid (dp/dxi = 0).

rheology ot this material in the limiting state and the permeability of the medium. The latter is greatly affected by the particle size and therefore 
much influenced by the details of the crystallization process. Our motivation here is to better understand the material conditions needed for the 
dilatant effect to operate in putative, partially molten layers where rate dependent effects are important in governing the solid-state rheological 
behaviour (Ranalli 1995). Candidate regions include melt extraction above mantle plumes, and as identified recently in the D" layer (Lay et al. 
2004).

We begin by addressing the rheology of dilatant behaviour in materials that are rate-dependent. A solution to the problem is given, 
and results are plotted in non-dimensional form. A brief discussion then follows and relevant time constants for practical situations are 
estimated.

2 RHEOLOGY OF RATE DEPENDENT DILATANT MATERIAL

The total excess stress <r is composed ot the excess skeletal stress er' and the fluid excess pore pressure p according to Terzaghi (1925): 
aU ~ a\j ~ P&'j- The strain rate e is linked to the excess skeletal stress and excess stress rate and satisfies a Maxwell-type constitutive law. 
This law combines compliance-type behaviour and rate-type behaviour. Its general form is

Cij = cifkldki + tijklOy (1)

Physically, the compliant part of the constitutive law is associated with solid contacts that are mobilized as the majority of material 
deformation mechanism takes place. The interstitial fluid also serves to transmit an interaction between the material components and this 
interaction transmits the rate-dependent viscous force. It is emphasized at this stage that the overall motion of the fluid is already accounted 
for by the porous medium flow through the aggregate, as represented by Biot’ equation. The effect of solid matrix rate-dependence is—as 
mentioned in Section 1—possibly associated with trapped fluid (interstitial melt), located between the flexible asperities of interacting grains. 
This mechanism is captured by a time constant of the order of magnitude fit!2 R. where p is the compliance of the asperities, < is a length 
scale and R is the inverse permeability ot the surface medium formed by the roughness of the particles. Our picture would be particularly 
appropriate to suspensions comprising dendritic structures. The mathematical details of the grain surface permeability are given in Jenkins 
& Koenders (2005). Fig. 1 illustrates the idea of contact asperities. When the surface-to-surface distance h approaches the asperity height S, 
pockets of fluid may be enclosed between the asperities. Typical values might be /I = 10~6 Pa-',< = 1 mm. R = 10,h Pa itT2 s, leading to 
a time constant of some 104 s. The solid rheology itself has a much greater time constant: literature—Turcotte & Schubert (2002)—suggests 
a creep time constant of 105-109 yr. though much depends on the underlying modelling assumptions that have been used to arrive at these 
values.

While both the compliance tensor and the inverse viscosity tensor could be anisotropic, it is plausible that the packing of the solids will 
be much more sensitive to direction than the interaction transmitted through the fluid medium. Thus, as a first approximation, the inverse 
viscosity tensor is set to its isotropic form, which implies that two coefficients describe this tensor
Cijkl = t&ij&kl + ? {Hik&jl + • (2)

The bulk and shear viscosities—k and r)—are related to the parameters J and <■ as * = }(3f + 2<)~l and rj = l/(4f), respectively. 
As a special case the bulk viscosity may be assumed to be much greater than the shear viscosity. The precise manifestation of the rheology 
depends on the nature of the particle interaction. In addition to the solid contact interaction between the grains the interparticle force may be 
mediated by the fluid through the lubrication interaction. The roughness of the contacts will play a role as dendritic surface structures will 
impede shear. Details of the lubrication interaction between solid bodies are treated in Cameron (1981).
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946 M. A. Koenders and N. Petford

For the compliance tensor it is assumed that there is a coordinate frame for which this tensor takes a simple form; in other words, there is 
transverse anisotropy in a specific direction. The frame for which this is the case is denoted by a superscript a. Here a 2-D implementation is 
pursued. The components of c0 arec?ni, c“U2; rf21], ande“212 = Cn2I =c2i2i = c21 ]2 = ; all others are zero. A rotation transformation R
(^) is required to generate the compliance tensor in another coordinate frame, that is obtained by rotating the coordinate frame with superscript 
a over an angle The components of c are then

Ctjkl = RtpRi'<RkrR,SCapljrs. (3)

The anisotropy arises due to persistent deviatoric deformation in a particular direction. The processes envisaged here are shear-induced 
and therefore it is expected that the angle ^ will be close to tt/4.

Furthermore, for a solidifying mass, it is reasonable to assume that the skeletal system will be in a state of failure. In this limit the 
rate-dependence of the material is expected to become especially manifest. In practice this limit is easier understood when the rheology is 
phrased in terms of a stiffness tensor. This tensor is called A and is obtained from inverting c.

2.1 Magma in a state of failure

In the coordinate frame in which the compliance tensor is ‘diagonal’, the solid bodies are aligned in the direction of the coordinate axis xa \. 
They have been brought in this position by an ongoing background shear. The structures of strings of contacting solids make the medium 
strongly anisotropic. The strings themselves are not perfectly lined-up concatenations of particles; rather they are jagged compacts exhibiting 
a range of contact normal angles. The distribution of these averages the mean direction of the alignments and varies around it by a range of, 
say, ±jr/4. If these are forced to exercise pure shear, some initially lightly loaded contacting particle pairs will be forced into one another, 
leading to contact forces and thus solid stresses. The shear stiffness Ga is therefore virtually zero compared to the main stiffness component in 
the direction perpendicular to the alignment of the structures, ^2222- A sample of the medium as a whole is assumed to be in a state of failure, 
implying that if it did not possess viscous properties it would exhibit localized deformation phenomena (Vardoulakis 1985). The formation 
of these is impeded by the rate-dependency, thus it is necessary to investigate if some form of non-uniqueness can occur in a sample of the 
medium that is at any stage of its loaded period.

While many criteria exist to ascertain the onset of localization for plastic materials (Hill & Hutchinson 1975; Rudnicki & Rice 1975) 
and for granular materials under high stress (Molenkamp 1985; Koenders et al. 1990; Vermeer 1990), a simple approach is taken here. The 
material condition is assumed to be such that there is a time point after the imposition of a uniform deformation field at which no unique 
shear stress increment can be found. The constitutive eq. (1) is used in Laplace transformed form. The Laplace frequency is called X and the 
transformed variables are denoted by a'. Thus,

kejj = + 07^,. (4)

The Laplace frequency is in the range 0 < A < oo, the lower limit corresponding to r -> oo and the higher limit to / -*• 0. The latter is the 
one of interest, as at this point the viscosity of the material is least manifest. Evaluating the criterion in the coordinate frame with superscript 
ii and, noting that g" -► 0 while is large, the stress increment cannot be related to the strain increment when CiiuC2222 — c“122c221, -> 0.

3 BIOT’ EQUATION

Biot (1941) discusses the physics of a deformable granular medium with interstitial pore fluid. The continuity equation for the fluid is coupled 
to a permeability problem, while requiring overall stress equilibrium. The stress itself is partitioned as a skeletal component, which satisfies 
a stress-strain law and an isotropic pore pressure. The equations are made appropriate to the geometry to hand in a similar way to Petford 
(2003).

The problem does not depend onxi and therefore the stress equilibrium equations read
_ q. ^022 _ Bp 

3x2 3.vi 3a‘2
(5)

The latter equation implies that d'22 — p — ci, the total vertical stress. The loading is done in such a way that no extra vertical stress is 
applied, hence d — 0. The shear stress is constant throughout the medium and only a (unction of time: a\2 = C(f).

For Biot* equation in one dimension, the rate of volume change dii2/d.X2 is required. The strain rates are: en =0; e\2 — \ ftu\lftx2\^22 = 
fhiz/ftxi- These are used with the constitutive equations to obtain an expression for 3«2/3.v2 in terms of C{t) and the excess pore pressure 
p{x2i t).

The rate-dependence of the constitutive equations forces one to employ Laplace transformations. The Laplace frequency is again called 
X and the Laplace transformed variables are denoted by a'. The values of the excess pressure and stresses, as well as the deformations at time 
/ = 0 are zero. The following three equations then follow

0 = Xcj 111 | T A(cui2 4* en?])C 4-Acimp 4- f (dji 4- £) 4- 2(6-^ (6)

Xeu = A.C]2h<7m 4- X(ci2|2 4- C1221) C 4- Xc\222P + 2f C (7)

Xe22 — AC22t|OH ^ (c2212 + c222l) C + Xcmip + f (d'fi 4- />) 4- 2£p. (8)
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These expressions are simplified somewhat by making use of the fact that both stress and strain are symmetric and therefore c\m - 
c11121' c'22i2 = c'222i> etc. Despite these simplifications the result is still quite involved (a symbolic manipulation program is required to come 
to a solution). The result is written in the form

i g — (Qo + 6i^) P {Pf) + -PiA + + PsA3)
622 ~ D0+ 0^ + D2k2 + 4(D0 +A^ + D2k2) ‘ (9)

Here the coefficients may be expressed in the compliances c and the viscosities t] and k. The nine coefficients of the tensor c can be 
reduced further by using the fact that they are generated from a rotated transverse anisotropic tensor with the rotation angle tj> =n/4. Insight 
in the behaviour can be enhanced when the compliance .tensor is inverted and the stiffness tensor A" = (c0)-1 is used. The shear modulus is 
called Ga. Then the coefficients in the ratios P/D and O/D take the form

P0 = (4p +3ic)Ga(A1mA"2221 - A«U2Aa22U)

(-dull + AU22 "h 42211 + 42222) d" 4(4“i 11 42222 4112242211)]

+ 3x,[G‘I(2/ljj11 — A'{j22 — 422U 2A2222) 4-2^1^^X2222 — A"n2A22il)^

$ = 4»;(/f®m + 4*1122 + 412ii + 42222) + 3trf3Ga + 2(2Aaun - AaU22 - Aa22U + 2Aa2222)]

P's = 144ij3a: (13)

Qo = -T8jr*r(4iin — 4 i,i22 + 42211 — (14)

Qi = —72;?3x'(^"m — 4‘,',22 + 422]| — 4^222) (15)

D(i = 4r) (r}3k) G (4]i]i42222 — 4“]22422}i) (16)

= 4f)G"(/liii, + 4 ii22 + ^2211 + 45222)

+ 3#rG<'(7/ll,Im + 41122 T422ii + V/I2222 ) (17)

+ 36fc(>f 1111/12222 — A‘{]22A22]i)

(10)

(11)

D2
— Ga + 4iin + 41122 + 422i| + A 2222

36i)3k 
and Biot’ equation is

.#1
Ox2

jijBX -t-
Pq + Pi A. + P2X2 + P3X3 

4(D0 -h DiX + D2X2) P +
eizk2 (Qo + G]X) 

4(A D]X + AX2)

(18)

(19)

3.1 Time constants

There are a large number of time constants in the problem, but not all are relevant. This is due to the fact that the envisaged regime is the 
rate-dependent one, when the solids matrix is in a state of incipient failure. Because the loading path here is pure shear the shear modulus 
will vanish: Ga/ fAfj fX^zzz 0 and at the same time the relative determinant (4"in X2222 — AaU22 A\2n)f(A°un A^i) is small. The time 
constants Di/Dq and Qi/go ate then very large, so that the ratio O/D is dominated by the time constant Di/D\.

The time constant P3/P2 is of the order of magnitude of 10??/| A |, which is a very small time constant compared to D2/D] \ the process 
that operates at this time constant is at the very beginning when the excess pore pressure is still negligibly small and therefore this term 
is neglected, P2/P1 is of the same order of magnitude as D2/D1, so needs to be retained in the analysis. P1/P0 is of the same order of 
magnitude as D\/D0, referring to a time scale that is substantially longer than the duration of the phenomenon that is dominated by the time 
scale Dj/D].

The Biot equation then reads

{ ax , Pi -f p2x 1 „ e\z^Q\
a.vf "P 4(D] I- AX). 4 (A T D2X)

(20)

where

P, = 4r/ (4r/ + 3/c) {A“]UA“222 - Aa Ja \ (21)

— ^9 (4nn + 4I(]22 + 4J2H + ^2222) 4" (2/fJ,,, 4"122 — 422]| + 243222) (22)

0] = —12t} k (4im — 4]122 + 4 22ii — 42222) (23)
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948 M, A, Koenders and N. Petford

D\ — 36*rfj‘ (^mi^z222 — (^4)

D> = (^uj, + + ^2211 4" ^2222) • (25)

The question of whether the bulk viscosity or the shear viscosity dominates the problem is now resolved. The ratio Q/D is independent of 
the bulk modulus. The ratio P/D is proportional to <-1 and if this factor is taken into account it is seen that the time constant in the denominator 
depends entirely on the shear viscosity. The time constant in the numerator of P/D is relatively insensitive to the ratio i}/k, giving the same 
order of magnitude if either r/ < <k or jf ~ k.

The imposed strain has a constant strain rate ei? hence enk2 = e]2- The problem may be scaled by (1) expressing all length scales as a 
fraction ofthe layer thickness j' = .vj/L, (2) introduce time constants To — D2/D\ and P,1 = P\, (3) scale the pore pressure to make
it non-dimensional by setting p* = pkD\j {enL2Q\) and (4) introduce the non-dimensional constant P2 = Pi/{D\nfi). Eq. (20) then takes 
the form

= L2nfi fA(l +TQk) ++J2k 
3v2 k 1 + tqA. p* +

1
1 4- Tbk

(26)

The boundary conditions are p*(0) = 0 and dp*/dy(\) = 0. The time constants ofthe problem are now clear; they are obviously To and Pl *, 
as well as the parameter T| * L^/nfiTo/k. The front factor before the square brackets L2 nfi/k in eq. (26) is thus t2/tq.P {1 is of the same 
order of magnitude as to-

3.2 A brief note on the Kelvin material

For the Kelvin material the constitutive equation reads instead of (I)

<*'/ = + BijklVkl-, (27)
where A is the stiffness tensor and B the viscosity tensor. Laplace transfonnation gives directly

Otj — A.jkieii + k . (28)

The long-time behaviour is obtained by taking the limit A. -»■ 0 and it follows directly that for long times the problem is rate-independent.

4 PROBLEM SOLUTION

The solution of eq. (26) is constructed as follows. The source term is written as a Fourier series on the interval 0 < y < 4
1 4 * f* 1 :i11pr(2/+1»-|

1 + toA, n 1 + ToX “ 2/ + 1 1_ 2 J

The scaled excess pore pressure is also written as a Fourier series and this form immediately satisfies the boundary conditions

„ g 1t a )
= 4 1 1 .jr^gy + DjO

?r 1 + ToX “g 2y + 1 [_ 2 J

Hence,

Pi
16X

tt (2; + 1) n1 (2j -i- l)2 X(1 + t0X) + 4L2nft [X(l + t0X) + P, 4- P2X] ‘ 

This is rewritten as
_______________________4_______________
Pt * (2y 4- 1) rj2 [x — A.,/i] [x — xV’]

where Xl 2 are the roots of
\X'P]2 + k<,) ^2T|2 + n2^{2j + 1)2 + 4r'23 + 4Piri+*2r»(V + lf = 0
1 J 4T0T,2 4ToT,2

The inverse Laplace transform is easily obtained. Using Heaviside’ theorem gives

^ = l“p i1''1} ~ hu,‘]) ■
And therefore

, s 4 ^|exp[xVV]-exp[x^]j . [*(27 + 1)3;

(27 + l)[x,/)~X^] L 2

(29)

(30)

(31)

(32)

(33)

(34)

(35)
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Note that and XV* may be complex, in which case Re [A^] = Re [A^] and Im [A*/'] — — Im [A^}], so that {expfA^r] — 
exptA^^j/ftA^ - A^1] = —exp Re[A(/)31} sin {Im[A^)] ?}/Im [A^*].

The flow rate through a unit area at xj = 0 is —k(<)p/<)x2)X2=o. The total volume of fluid flowing through a unit area into the region is
then

F =
0 Q J

2enLQ, (exp [a(/V] - exp [a^][ ^ 2tnLQi ^ {
r2 n /
h u\ J y=o /—o A1 A2

(36)

»-2A t^4P1rl2/(7r^ro)-l-(2./d-l)2
[EtmhlJE± 

tiA V \ V to
This analytical result clearly shows the relevant ratios in the problem. They are the ratio of the permeability to the inverse solid viscosity 

(which has the dimension of a length squared and is a constitutive length scale), the ratio of Q\ to i]~2 (which has the dimension of a time and 
is of the same order of magnitude as r0) and the ratio of the dimension of the problem L to the constitutive length scale yT(j.

5 RESULTS

Insight into the influence of the time constants is obtained from plotting/?* as a function of t* at position y = 1. All times are expressed in ro- 
The time, so scaled is called t*. The pressure is scaled to kDifle^lfOx), Parameters used to plot the results are given in the list of symbols 
and values—Table 1—but key valuables include the permeability k = f/2?t3/[150/r (1 — «)3], and interstitial melt viscosity (100 Pa s), the 
latter parameter choice defining the system as basaltic andesite (Muarse & McBirney 1973). The essential result, shown in Fig. 4, is that the 
magnitude of the scaled excess pore pressure rises and then falls. The time constant that rules the increase back to zero excess pore pressure 
is r0 (material properties of the granular matrix), the one that controls the initial decline is t\ (permeability). Not only does the effect of 
material viscosity become manifest in terms of duration, there is also an impact on the magnitude of the excess pore pressure valuation. For 
larger values of r i, the material viscosity dominates, and magnitude of the pore (melt) pressure does not develop so easily. The limiting case 
of zero material viscosity would lead to the pore pressure never returning to its original value. Tliis case has been treated previously (Petford 
2003; Koenders & Petford 2005),

In summary, the physical interpretation of Fig. 4 is that melt will be sucked into the dilating region at an increasing rate as the excess 
pore pressure falls. As the excess pore pressure begins to rise again (r0 dominates the rheological behaviour), the rate of sucking will decrease 
until /?* = 0 and the dilatancy effect has run its course.

Fig. 5 shows the scaled excess pore (melt) pressure during rate-dependent dilatancy as a function of position through the deforming layer 
for various scaled times Again it is seen that the excess pore pressure gradient, and associated fluid flow, first increases then decreases while 
loading remains constant.

5.1 Geological example: core-mantle interaction

In order to make use of the calculation of the total influx of fluid into the viscoelastic granular layer (eq. 36), the following scenario is considered. 
In the D" region, which is approximately at a depth of the core mantle boundary, recent geophysical evidence suggests an interaction between 
core fluid and granular material (that is, partially molten D") may take place periodically (e.g. Brandon & Walker 2005; Rost et ai 2005; 
Rushmer et al. 2005). However, the physical processes at work are poorly understood and formulating the problem in terms of standard 
compaction theory gives rise to problems relating to density (e.g. Kanda & Stevenson 2006). While the appropriateness of the rheology is 
debatable (Petford et al. 2005), rate-dependent dilatancy overcomes one thorny issue, that of the large inverse density contrast between lower 
mantle and outer core fluid. The instability follows thus. A typical value for the liquid (outer core) viscosity is 10"2 Pa s (Secco et al. 1998), 
the length scale L is assumed to be 10 km (Garnero 2000). The permeability is obtained from the Kozeny relation with a grain size of some 
10-3 m and a local porosity (silicate melt fraction) of 0.2-0.4 (see Williams & Garnero 1998; Ohtani & Maeda 2001; Lay et al. 2004; Petford 
et al. 2005; Rost et al. 2005), noting of course the large uncertainties in the exact choice of parameter values. A typical stiffness value is 108 
Pa and the shear viscosity is oftheorder of 1017 Pa s. The dilatancy ratio is 1.2. Now, application offormula (36) yields I/7! = 5.5 x 1013 je^l- 
A reasonably well-chosen value for the shear rate is lO-11 s~l, yielding an influx per unit area of a few hundred metres. This quantity is 
also the heave, implying that the accumulated volume strain during the duration of the phenomenon is some 5 per cent. Using the values in 
this calculating example, it is seen that the background tectonic strain rate (e = 10-,5s_!) does not have any significant effect (F = 5 cm), 
whilst an extreme strain rate value of, say, 10_10 s-1 would lead to the somewhat implausible volume strain of 50 per cent. We stress these 
calculations are illustrative only. However, eq. (36) provides a useful way to explore the sensitivity of an upwelling fluid flux rate as a function 
of key material parameters (matrix shear viscosity, melt fraction, matrix grain size, etc.).
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Table 1. List of symbols and values.

Symbol Meaning Value/unit

A Stiffness tensor Pa
A0 Stiffness tensor diagonal on the transverse anisotropy axes Pa
'Min Component of A" 1. x 10® Pa
*2222 Component of A" 0.3 x 10s Pa
^2211 Component of A" 0.4 x 108 Pa

1122 Component of A'1 0.7 x 108 Pa
B Viscosity tensor in Kelvin material Pa s
City shear stress rate Pa s-1
<? Compliance tensor Pa"1
d grain size 0.001 m
e strain rate s“l
©0-2 Parameters defined in eqs (16)-(18) as appropriate
F Total fluid influx per unit area m
Gu Shear modulus Pa
h Surface-to-surface distance m
k Permeability 2. x 10-n m2Pa-1 s-1
l Asperity length scale 10"5 m
L Layer depth 100 m or 10 km
n Porosity (melt fraction) 0.2-0.4
p^-i Parameters defined in eqs (10)-(13) as appropriate
PiP* Excess pore pressure and scaled excess pore pressure Pa,-
00-1 Parameters defined in eqs (14)-(15) as appropriate
R Inverse permeability 10-16 Pa s m"2
Rtf) Rotation tensor -

tj* Time and scaled time s, -
X Position coordinate m
y Scaled position -

Grrck symbols
Melt compressibility Pa"1

P Compliance of asperities 10-6 Pa-1
6 Kroncckcr delta -

a Dilatancy ratio -
8 Asperity height m
c Inverse viscosity Pa-1 s_1
f Shear inverse viscosity Pa-1 s_1
>i Shear viscosity 1017 Pa s
K Bulk viscosity 5 x 1017 Pa s
/< Melt viscosity as appropriate
* Solidosity 1 — n -
to Viscous material time scale 8.25 x 108 s
r i Consolidation time scale s

Angle -

k Laplace frequency s_]
a1 Skeletal stress Pa
a Stress rate Pa s_1

6 DISCUSSION

The rheological behaviour of rocks during solid state deformation in the lithosphere and deeper earth is fairly well known, with the relative 
importance of diffusion and dislocation creep as a function of pressure, temperature, strain rate and melt content now reasonably established 
(e.g. Ranalli 1995; Karato et at. 1998). Close to the earth’ surface, the normal stresses are small compared to the short-term granular stiffness, 
and purely elastic behaviour is assumed. However, at pressures and temperatures in the deep mantle, the stress (pressure) is a significant 
fraction of the grain strength, making viscous, solid-state flow inevitable. Rate-dependency of this kind is often expressed through simple 
constitutive expressions such as the Maxwell relaxation time (t m = G/ij), where G is the shear modulus and t} the material viscosity (Karki 
et at. 2002). Using appropriate values, the Maxwell relaxation time for the mantle is < 100 yr (Turcotte & Schubert 2002).

While this approach is valid for the solid mantle, it is not well suited for estimating intermediate-type behaviour in partially molten rock, 
where the viscosity term could be taken as either the melt phase or that of the combined solid and liquid. Indeed, our notion of a magma 
as a degenerate material, critically close to failure, paints an exotic rheology while raising questions as to a proper definition of the term in 
the context of an external shear field (see, for example, Cates et at. 1998; Corwin et at. 2005). This problem, partly one of terminology, was 
highlighted by Stevenson (1990), who defined the three states of partially molten material in terms of the contact relationships between the
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Figure 4. Plot showing the scaled excess pore (melt) pressure p* as a function of scaled time t* at position y = 1 (top of the magma layer) during deformation 
at constant loading. TWo curves are given, one where r i is a small fraction of To and another where both time scales are of the same order of magnitude. Both 
curves show similar trends, with a progressive reduction in excess pore pressure followed by recovery to p* = 0, at which stage the dilatancy effect has ceased.

-0.12 -0.04

Figure 5. Scaled excess pore pressure p* as a function of scaled position y through the magmatic layer for various scaled times t*. As with Fig. 4. rate-dependent 
behaviour results initially in a drop in excess pore pressure, followed by a return to the initial value.

solid and liquid parts as the 'meatball', 'sponge' and ‘Swiss cheese'. From our results above, we contend that the dilatancy mechanism (with 
or without rate dependency, depending upon ambient PT conditions) will operate at some level in both the sponge (slurry) and Swiss cheese 
(mush) states for melt fractions (n) in the range 0.2 < n < 0.4. This is because the dilatancy phenomena in packed granular materials acts as 
an internal constraint.

Despite significant recent progress in measuring the rheological properties of partially molten rock in the laboratory (e.g. Rutter & 
Neumann 1995; Lejeune & Richet 1995; Zimmerman & Kohlstedt 2004), a major problem in coming to a formulation of rate dependent 
dilatancy is the current lack of experimental data on the viscosity tensor of deforming, magmatic suspensions. This is reflected in our 
assumption of isotropic viscosity. Further experiments on mush strength and stiffness are needed to constrain and test the theory, which is 
guided at present by intuition regarding the exact choice of these parameter values (see also Rosenberg & Handy 2005).
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We end by asking (rhetorically) why a robust, quantitative theory of melt segregation based on rate-dependent dilatancy (see also Petford 
2003; Koenders & Petford 2005) is needed. After all, the theory of gravity driven compaction is now well established (Sleep 1974; McKenzie 
1984; Ribc 1987; Spiegelman 1993; Sumita et al. 1996) and has transformed studies of melt extraction from a qualitative to quantitative 
science capable of predictive insight. Yet this picture of two-phase flow is inconsistent with field studies showing the action of an applied 
stress has dominated the segregation process. In this respect, compaction models based on buoyancy forces coupled with viscous matrix flow 
are compromised in their predictive power and usefulness. New ideas are needed, particularly ones that can link the transition from porous 
media flow to more focused transport mechanisms (shear zones and fractures) resulting from bifurcation instabilities in the sheared medium. 
Our approach offers a way of addressing the first part of this problem for which compaction theory is impotent.

While there are a number of similarities between our dilatancy model and compaction theory—hardly surprising as both provide a 
fundamental description of porous flow in deformable media, there are also important differences. For example, in gravity driven compaction, 
deformation (viscous matrix flow) acts to reduce pore space and constrains maximum melt extraction velocities to several metres per year 
(Kelemen ef al. 1997). In contrast, the local volume increase accompanying granular dilatancy creates new pore space between grains that 
have a finite strength and surface roughness properties. In this sense it is an anticompaction process. Chemical equilibrium between melt 
and solid is not a necessary condition during shear-induced dilatancy so that in a deforming crystal mush, melt flow may cause magma to 
differentiate in a manner similar to that proposed by Bowen (1920) several years before his classic work on fractionation due to gravitational 
crystal settling. Our ideas on shear-induced pressure changes and seepage phenomena are still provisional. However, shear-aided dilatancy 
should be considered as a potentially significant melt extraction mechanism wherever externally applied deformation is acting upon partially 
molten layers in the earth.
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9 [i] A numerical, poro-viscoelastic finite element flow
10 model has been developed to simulate the redistribution of
11 melt during the folding of a horizontal layer. Important
12 mechanical properties governing the overall rheology of the
13 buckling layer, including porosity, matrix viscosity, melt
14 pressure and changes in deviatoric stress are tracked
15 simultaneously with deformation. Melt migrates down
16 gradients in melt pressure to the outer hinge zone of the
17 folds, away from sites of compression to regions of local
IS tension. For a matrix with dynamic power jaw rheology,
19 deformation results in the formation of low viscosity, strain
20 weakening zones that coincide with zones of enhanced
21 deviatoric stress that are potential sites for plastic
22 deformation. During fast deformation of layers with large
23 width to height ratios, the more rapidly bending material
24 splits into domains of higher viscosity separated by lower
25 viscosity zones. Porosity (melt fraction) distribution patterns
26 do not appear to be controlled by the matrix rheology. The
27 numerical results and predictions of melt distribution and
28 geometry during deformation correspond w'ell with data
29 from some physical (analogue) laboratory experiments and
30 field observations. The quantitative nature of our results
31 should help refine more qualitative models for the rates and
32 mechanisms of melt extraction and transport in folded
33 crustal migmatite terranes. Index TERMS: 8005 Structural
34 Geology: Folds and folding; 3230 Mathematical Geophysics:
35 Numerical solutions; 3640 Mineralogy, Petrology, and Mineral
36 Physics: Igneous petrology; 8159 Tectonophysics: Rheology—
37 crust and lithosphere; 8168 Tectonophysics: Stresses—general.
38 Citation: Simaldn, A. G., and N. Petford, Melt redistribution
39 during the bending of a porous, partially melted layer, Geophys.
40 Res. Lett., 30(0), XXXX, doi: 10.1029/2003GLO16949, 2003.

42 1. Isstrodhsctikm
43 [2] Much emphasis had been placed on gravity-driven
44 compaction as the principle melt extraction process in the
45 earth’s mantle [e.g., McKenzie, 1.984; Scott and Stevenson,
46 1986; Sleep, 1988; Spiegelman, 1995] and still there are
47 people working on nonlinear' and 2D compaction studies.
48 However, it is well known from field, experimental and
49 theoretical studies, that mechanical deformation can con-
50 tribute significantly to the process of melt segregation in
51 auatectic rocks [e.g., Cooper, 1990; Hand and Dirks, 1992;
52 Sawyer, 1994; Brown and Rushmer, 1997; Rosenberg and

Copyright 2003 by the American Geophysical Union. 
0094-8276/03/2003GL016949$05.00

Handy, 2001], For example, structures preserved in migma- 53 
tites (once partially molten crustal rocks), show that granitic 54 
melts commonly migrate along pressure gradients into shear' 55 
zones, veins, dilces and other dilatent regions that open up in 56 
the rock mass dining contemporaneous deformation [e.g., 57
Collins and Sawyer, 1996; Vanderhaeghe, 2001]. Similar 58 
mechanical instabilities leading to focusing and segregation 59 
of melt have also been proposed in the upper mantle 60 
[Nicolas, 1986; Stevenson, 1989]. The mechanics of defer- 61 
mation-induced melt migration have been studied recently 62 
using analogue systems under both pure and simple shear 63 
[e.g., Rosenberg and Handy, 2001] and dining folding of a 64 
porous layer [e.g., Cooper, 1990; Bairaud et al, 2001], 65
While these studies have provided useful insight into the 66 
kinematics of melt migration, the simplified geometries 67 
used in the experiments are unable reproduce the complex 68 
melt-matrix relationships often found in anatectic rocks. As 69 
such, it has proved difficult to quantify the internal distri- 70 
bution of the partial melt dining deformation. In contrast, 71 
numerical modeling offers a way of tracking melt migration 72 
during cmstal deformation in more complex geometries 73 
[e.g., Brown et al, 1995], while at the same time providing 74 
quantitative information on both fluid and matrix properties 75 
including changes in melt pressure, and matrix viscosity and 76
porosity. 77

[3] hi this contribution we present the initial results of 78 
numerical experiments aimed at quantifying the redistrib- 79 
ution of partial melt and other important matrix properties 80 
during the incremental bending of a horizontal, isotropic 81 
porous layer under compression as an aid to better under- 82
stand howf viscous melts respond to deformation and folding 83 
in crustal migmatites [e.g., Collins and Sawyer, 1996; 84
Kisters et al, 1998]. We begin by describing the model, 85 
which is based on an extension of poro elastic theory 86 
modified to allow for viscous behavior. A description of 87 
the boundary conditions and finite element solution scheme 88 
is followed by a results section, where we compare the 89 
material response and flow properties of both a viscous and 90 
power-law matrix to flexure. Our preliminary results, sug- 91 
gesting the geometric distribution of deviatoric stress, melt 92 
pressure and melt fraction are strongly coupled during 93 
folding, are then discussed in the light of recent field and 94 
other experimental observations. 95

2, Foro-ViscoeSastac Flow in a Deforming Media 96
[4] hr order to model quantitatively the mechanics of 97 

deformation-induced melt migration in a (visco)poroelastic 98
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medium, we first require a physical model appropriate to 
the problem in band. The simulation of fluid migration in 
engineering geology applications are based mainly on 
classic poroelasticity theory [e.g., Detoumay and Chen. 
1993], This is a phenomenological theory that averages a 
detailed description of the mechanical equilibrium in a 
solid matrix containing interconnected pores filled with 
flowing liquid, and is similar in approach to models of 
compaction-driven flow in a viscous matrix where elastic 
stresses are ignored [e.g., McKenzie, 1984]. However, 
recent papers have highlighted to importance of a viscoe
lastic matrix in the propagation of magma filled cracks and 
in the stabilization of 1-D porosity waves in porous media 
over a range of Deborah numbers [Connolly and Podlad- 
chikov, 1998; Vasilyev et al, 1998]. Viscoelastic rheology 
in simplified 1-D form is also used widely to model 
porous compaction in sedimentary basins [e.g., Suetnova 
and Vasseur, 2000]. While general complex solutions for 
viscoelastic behavior exist in image integral transformation 
spaces [Abousleiman et al, 1993], numerical solution for a 
poro-viscoelastic matrix requires explicit differential rela
tions between variables. Our approach to the problem has 
been to modify classical poro-elasticity theory by introduc
ing relaxation terms into the constitutive equations [see 
Sima fan and Talbot, 2001]. This achieves the desired result 
that while the equations obey a common relationship 
between the viscous stress and strain rate tensors asymp
totically with time, the immediate reaction of the model to 
deformation is elastic. The model thus produces smooth 
results that record both compaction and dilation simulta
neously [Toth and Almasi, 2001]. Strongly non-linear 
flows on short timescales during plastic deformation of a 
porous matrix [Ord and Oliver, 1997], cannot be modeled 
in this way.

3. Mathematical Formulation
[s] Consider the flow of melt through a poro-viscoelas

tic matrix comprised of solid grains. The modified poroe
lasticity theory requires the definition of the effective 
stress:

Oe.ij — &ij *4" CLP, (1)

and two constitutive equations, which in incremental form 
can be written:

TJ = ^ 
ti’ n qv (2)

Jq+Pl _ 2K
T2 ’ T)v (3)

where qT and q,, are shear and volume viscosity of the 
matrix respectively. For simplicity we take here r|„ = q/s, 
where e is porosity. The shear viscosity is treated using the 
tensor damage formulation for ductile material proposed by 
N. Sleep (Tensor damage representation of global convec
tion with plates, preprint [2001]). The compliance (Q is 
treated as a dynamic parameter (actually the inverse of the 
viscosity) that describes a strain weakening and perma

nently healing material. The power-law dependence of the 
strain weakening is:

= (4)

where the square root of the second invariant j e j = is
used as measure of the strain rate. In this way, the shear 
viscosity becomes a dynamic parameter that depends on the 
deformation history (media with memory), and low 
viscosity zones develop in regions where the maximum 
shear strain rates are localized. The constants B and A 
define the sensitivity of the material to strain weakening and 
the rate of the thermally activated healing respectively. It is 
evident that in the steady state, the viscosity equals q = Al 
i?e1_1/" and in general obeys a power law rheology 
(dynamic power law).

[s] The mechanical equilibrium equation in the small 
spatial domains where gravity force gradients can be 
neglected reduces to = 0, and the melt flow is modeled 
using Darcy’s law assuming no internal Liquid sources gives

A = M(fcAP,-a,40 (5)

[7] Finally, a definition of the plain strain rate through the 
derivates of matrix rates Ux and Uy is provided by:

dv, our , dUr
dx dy ^ dx

dUv'dUz Wv
to ^ By

[s] In the elastic limit (poroelasticity) both coefficients a 
in equation (1) and oq in equation (5) are equal. It can be 
shown that for a viscoelastic matrix with time ctj 
approaches unity while a experiences only small growth 
and can be approximately taken as a constant (A. G. Simakin 
and A. Ghassemi, Poro-viscoelastic modeling of rock 
deformation with application to partial melts. JGR, submit
ted [2002]). Strictly speaking, the model is not rigorously 
derived from first principles (e.g. in Bercovici et al [2001]). 
However, our approach is practical in that is amenable to 
simple numerical analysis and is robust in the limit for both 
viscous and elastic behavior. Simple testing of the model 
using a spherical viscoelastic shell, and code validation 
using an analytical solution has been done, and will be 
presented elsewhere (A. G. Simakin and A. Ghassemi, Poro- 
viscoelastic modeling of rock deformation with application 
to partial melts. JGR, submitted [2002]).

3.1. Boundary Conditions and Solution Scheme
[9] The initial geometry of the layer (an unstructured 

triangular grid) was deformed under the following boundary 
conditions: (1) the left side of the box was fixed, allowing 
vertical displacements only while the right hand side was 
moved at a constant horizontal rate, with the lower right 
comer fixed in the vertical direction; (2) the top and bottom 
of the box is stress free and impermeable. The system of 
equations, which are coupled and non-linear, have been 
solved numerically using the finite element method 
described in Simakin and Talbot [2001].

[10] Nondimensional values of the material parameters 
were taken as follows: Young Modulus E = 1000, Poisson
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ratio v = 0.2, shear viscosity rj0 = 2.5, initial porosity (melt 
fraction) e0 = 10%, two sets of dynamic parameters (A = 0, 
N = 0 or constant viscosity) and (A = 10, 3 = 7.5). Pseudo 
Biot constants were taken as = 0.3, a2 - 0.8 with zero 
confining pressure (P). In dimensional form, these values 
correspond to pressure (P0) and time (t0) scales such that at 
P0 = 100 bar and to - 10J s, the viscosity wall be po = 2.5 ■ 
102 [bar] ■ 103 [s] ■ 105 [Pa/bar] = 2,5 • 1010 Pa-s, with a 
constant strain rate of 5 - 10~6 s~\ Relative nondimensional 
permeability talcen at calculations (/c = (/c/rj/) /c = 0.002 
corresponds to dimensional permeability ft = 0.2d at labo
ratory linear scale Ln = 1 cm and liquid wscosity p/ = 105 
poise or 104 Pa-s, At different scales dimensional parame
ters corresponding to discussed solutions can vary.

4. Results
[u] The results of the numerical experiments are shown 

in graphical form in Figures 1 and 2 for various mechanical 
properties (constant viscosity and dynamic power-law). For 
each model, the distribution in the folded layer of the stress 
tensor, melt pressure, melt fraction (porosity) and shear- 
viscosity (if variable), have been calculated. The melt 
pressure distribution was used to recover the flow field 
during incremental deformation and bending. Second invar
iant of stress tensor and melt pressure distributions for 
deformed layer with constant matrix viscosity are shown 
in Figure 1. As can be seen, deformation and flexure of the 
solid matrix causes the melt to flow from areas of com
pression to regions of extension. Note that melt cannot 
escape the layer (due to the boundary conditions), and is 
instead redistributed inside. When the solid and liquid phase
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Figure 1. Final (post deformation) distribution of stress 
and melt pressure in a aspect ratio of 4.5:1 (constant 
viscosity matrix, total strain, -0.3). a. Distribution of tire 
square root of the second invariant of total stress (measure 
of deviatoric stress). Note maximum values in the inner part 
of fold hinge zone and right and left hand side limbs, b. 
Distribution of the melt (fluid) pressure. Highest values 
correspond with regions of maximum shear stress.
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Figure 2. Final (post deformation) distribution of stress, 
melt pressure and matrix viscosity (aspect ratio 1:4.5, 
dynamic power law matrix rheology), a. distribution of the 
deviatoric stress intensity, b. map of shear- viscosity, c. 
distribution matrix porosity (initial porosity 10%),

paths are plotted separately (not shown), a decoupling is 
observed that is similar geometrically to models of segre
gation of melt and matrix beneath passively upwelling 
mantle beneath Mid Ocean ridges [e.g., Spiegelman and 
Reynolds, 1999],

4.1. Constant Viscosity, Low Aspect Ratio
[12] Figure 1 shows the effect of deformation on the 

intensity distribution of the deviatoric stress (tys# = 
\!ty -•ty1-i-4ty) (Figure la) and the melt pressure distribution 
in the constant viscosity matrix grid (Figure lb).

[13] Because of its low (4.5:1) initial aspect ratio, this 
layer experiences substantial shortening but relatively small 
amounts of bending. Deviatoric stress values appear- highest 
at the inner hinge zone of the fold, where compression is 
greatest, and extend outwards at approximately 45 along 
two conjugate (shear stress) zones that cross-cut the limbs. 
These zones mark regions of the fold where failure is most 
likely to occur if straining continues. Due to fast bending, 
there is a large difference in the minimum and maximum 
melt pressure, the absolute value of which depends on the 
pressure scale. Assuming E = 0.1 Mbar (P0 = 300 bar'), the 
resulting pressure variation is of the order 100 to 400 bars.

237
238
239
240
241

242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258



259
260
261
262

263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289

291

292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319

320
321
322
323

324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392

394
395
396
397
398

X - 4 SIM AKIN AND PETFORD: MELT REDISTRIBUTION

The melt pressure distribution corresponds broadly with the 
intensity of the deviatoric stress, with highest values occur
ring at the inner hinge zone of the fold and the limbs farthest 
from the hinge.

4.2. Power Law Rheology
[w] Figure 2 show the effects of a power-law (dynamic) 

rheology on the stress, melt fraction (porosity) and viscosity 
distribution in the deforming layer. In Figure 2a, both the 
magnitude and the geometry of the deviatoric stress differ 
from the constant viscosity model (cf. Figure la). Instead of 
organizing into conjugate bands, the power-law deviatoric 
stress map develops a discontinuous spot pattern, with the 
highest values confined to the upper parts of the fold limbs 
and either side of the inner hinge zone. Because the shear 
viscosity of the matrix is non-constant, it is also possible to 
map its variation in intensity. The matrix viscosity distribu
tion after deformation is shown in Figure 2b. Regions of 
reduced shear viscosity correspond with sites of elevated 
deviatoric stress, with the melt pressure distribution broadly 
similar (although with slightly lower absolute values) to the 
fixed matrix viscosity model. Matrix rheology affects form 
of the inner boundary of the layer. More competent regions 
are less deformed and move by weakened conjugate shear 
zones resulted in tendency to “box-style” folding of the 
variable viscosity material (compare Figures 1 and 2). 
Changed theology leads also to more contrasted porosity 
distribution in the folded matrix. In the bar with constant 
viscosity the ratio maximum to minimum porosity after 
deformation is 0.116/0.065 (not shown here) compared with 
0.132/0.030 (see Figure 2c) in the matrix with power law 
rheology (dynamic).

5. Discussion
[is] Maximum calculated values of deviatoric stress and 

melt pressure occur where the matrix viscosity of the layer is 
held constant. The effect of power law (non-constant vis
cosity) matrix behavior is to reduce overall the estimated 
magnitude of the stress, melt pressure and shear viscosity of 
the porous layer at a given rate of deformation. The antithetic 
relationship between modeled low deviatoric stress, low 
melt pressure and high porosity in the outer hinge zone 
(extensional) surface of the deforming layer is supported by 
field evidence showing that the hinge regions of folds above 
the finite neutral surface are commonly sites of quartz 
veining and accumulation of melt pockets in migmatites 
[e.g., Brown and Rushmer, 1997]. We are also encouraged 
by the fact that our numerical results are comparable broadly 
with experimental (analogue) studies, in particular those of 
Barraud et al. [2001] who modeled similar melt segregation 
distributions in a folding layer made from paraffin wax. 
They also support the results of Cooper [1990] who showed 
that a gradient in the dilational component of differential 
stress in deformable porous media could result in melt 
migration in addition to gravity-driven compaction.

[ie] The discontinuous stress distribution seen in the 
power-law matrix models (Figure 2a) suggests that any 
brittle failure (e.g. fracturing) that accompanies folding is 
likely to be initially highly focused within the buckling 
layer. Future work will aim to incorporate the effects of melt 
distribution during brittle failure as a consequence of layer 
parallel deformation.
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■ Abstract Considerable progress has been made over the past decade in under
standing the static rheological properties of granitic magmas in the continental crust. 
Changes inH20 content, C02 content, and oxidation state of the interstitial melt phase 
have been identified as important compositional factors governing the rheodynamic 
behavior of the solid/fluid mixture. Although the strengths of granitic magmas over the 
crystallization interval are still poorly constrained, theoretical investigations suggest 
that during magma ascent, yield strengths of the order of 9 kPa are required to com
pletely retard the upward flow in meter-wide conduits. In low Bagnold number magma 
suspensions with moderate crystal contents (solidosities 0.1 < <p< 0.3), viscous fluc
tuations may lead to .flow differentiation by shear-enhanced diffusion. AMS and mi- 
crostructural studies support the idea that granite plutons are intruded as crystal-poor 
liquids O < 50%), with fabric and foliation development restricted to the final stages 
of emplacement. If so, then these fabrics contain no information on the ascent (verti
cal transport) history of the magma. Deformation of a magmatic mush during pluton 
emplacement can enhance significantly the pressure gradient in the melt, resulting in 
a range of local macroscopic flow structures, including layering, crystal alignment, 
and other mechanical instabilities such as shear zones. As the suspension viscosity 
varies with stress rate, it is not clear how the timing of proposed rheological transitions 
fonnulated from simple equations for static magma suspensions applies to mixtures 
undergoing shear. New theories of magmas as multiphase flows are required if tire frill 
complexity of granitic magma rheology is to be resolved.

INTRODUCTION

The emplacement of granitic magmas in Earth’s crust marks the end of a cou
pled thermomechanical process involving partial melting, segregation, and ascent 
of silicate melts and suspensions. In all cases, the mechanical behavior of par
tially molten rock plays a key role (Petford et al. 2000). Insight into the processes 
that take place is somewhat difficult to generalize, as many mechanisms occur si
multaneously and interdependently, with a tendency toward more brittle behavior
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with time. Aspects that have a bearing on the overall behavior and evolution of 
molten rock include seepage flow, heat flow, phase transitions, deformation mech
anisms of both fluid and solid phases, the physics and rheology of multiphase 
suspensions, and chemical processes. Progress in understanding the interplay in 
this multiphysics problem is being made all the time—examples include analogue 
deformation experiments (e.g., Rosenberg & Handy 2001), semi-quantitative as
sessments of magma rheology (Vigneresse et al. 1996, Barboza & Bergantz 1998, 
Vigneresse & Tikoff 1999), strength of partially molten aggregates (Rutter & 
Numann 1995, Renner et al. 2000, Rosenberg 2001), and fully analytical treat
ments (Koenders & Petford 2000). Field and experimental studies have shown that 
deformation can enhance significantly the rate of melt segregation and transport in 
partially molten rock (Brown & Rushmer 1997), both during initial partial melting 
(Sawyer 1994) and during magma emplacement, and that granitic magma accu
mulates preferentially in structurally controlled sites across a range of tectonic 
settings (e.g., Handy et al. 2001).

This review is split broadly into two sections. The first is concerned mainly 
with recent work on the rheology of magmatic suspensions as applied to the crys
tallization of granitic magmas. The main results of these studies are reviewed, 
showing how new approaches based on developments in the physics of multiphase 
flow have been applied, with some success, to modeling the mechanical behavior 
of magmas during ascent and emplacement. An important distinction can be made 
between both regimes in that for rapid ascent, where flow is continuous, an approx
imately adiabatic heat balance ensues, whereas the emplacement stage is marked 
by monotonic cooling. It is under the latter conditions that rheological changes 
in the magma will be most extreme. A discussion on emplacement then follows, 
highlighting the role of fabric development in models for magma rheology. The 
viscosity-reducing effects of volatile phases and magmatic enclaves as kinematic 
markers of bulk magma rheology are discussed, and a mechanical comparison is 
made between silicic rocks of similar composition and physical properties em
placed at the surface at high strain-rates. Only the rheological behavior inside the 
magma body is considered here; readers interested in the rheological changes in 
the surrounding country rock during emplacement are referred to other sources 
(e.g., Kerrick 1991, Handy et al. 2001). Finally, this review deals mostly with the 
rheology of granitic magmas undergoing freezing. This is because (a) an informed 
discussion of the rheology of anatectic rocks would require a separate review and 
(b) as shown by Vigneresse et al. (1996), partial melting and crystallization, al
though complementary, should not be regarded as symmetrical processes (e.g., 
Wickham 1987), as proposed rheological transitions and thesholds in static sys
tems do not map directly from one porosity interval to the other (Figure 1).

Multiphase Flows
Magmas are prime examples of flows that involve the transport of solids and gases 
(and other fluids) by a separate carrier phase. Such flows are called multiphase, and 
have attracted much recent attention due to their important range of engineering
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Figure 1 Relationship between magma crystallization and partial melting based on 
the rheology of granitic magma suspensions proposed by Vigneresse et al. (1996). 
The rheological critical melt percentage (RCMP) relates strictly to partial melting 
(migmatites) only. Estimates of the position of the RCMP as the percent volume of 
melt increases varies accordingly: 20 ± 10% (Arzi 1978), 30%-35% (van der Molen 
& Paterson 1979), 35%-50% (Wickham 1987), and >50% (Miller et al. 1988).

applications. The defining characteristic of multiphase flows are their complex 
behavior, for which a large technical literature now exists (Gidaspow 1994). In 
modeling and simulation, the continuous phase, and for low mass loading the 
dispersive phase, are treated as Eulerian (Ferziger & Peric 1999). Where the number 
density of the dispersed phase is large, the influence of particles on the fluid motion 
becomes significant and must be taken into account in any explanation of the bulk 
behavior of the mixture.

Numerical techniques for simulating multiphase flow require that computation 
of particle and fluid trajectories are done simultaneously and iteratively and are 
still in a relatively unadvanced state, although progress is being made all the time 
(Crowe et al. 1998). Further complications arise due to the interactions between 
particles and walls and when phase changes take place in the carrier fluid. Al
though the application of multiphase flow theory to magma suspensions is still 
in its infancy, it has the potential to bring new insight into complex geological 
flow behaviors (Bergantz & Barboza 2003). Some examples of multiphase flows 
employing the concept of “granularity” are set out in later sections.

Magma Emplacement Mechanisms
The problem of developing a generic rheological model for the emplacement of 
granitic magmas is complicated in part by competing ideas on how the magmas
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ascend through the lithosphere. The emplacement of granitic magma in Earth’s 
crust has a long history of controversy (see Pitcher 1993), with debate currently 
polarized between those who favor a traditional diapiric ascent mode and the so- 
called dykists, who argue for ascent in narrow conduits. In the context of this article, 
several important and practical differences between the two mechanisms can be 
recognized. First, in dyke ascent a clear distinction is made between vertical flow 
during ascent and switching to predominantly horizontal flow during emplacement 
(e.g., Clemens et al. 1997), whereas for diapiric rise, this distinction is blurred 
because ascent and emplacement are regarded as essentially the same (e.g., Miller 
& Paterson 1999). Second, the rates of magma ascent in dykes are up to 109 greater 
than diapiric velocities, leading to the possibility that some dyke magmas become 
superheated during rise and will resorb solids. The rheological effects of such 
behavior are discussed later.

Another important difference between the two ascent mechanisms is the ge
ometry of the intrusion at emplacement. Dyke-fed intrusions are expected to be 
typically sheet-like, with a low aspect ratio (e.g., McCaffrey & Petford, 1997, 
Cruden & McCaffrey, 2001), whereas diapirs, with long vertically extending tails, 
tend towards high aspect ratios (Weinberg & Podladchikov 1994). Clearly, the 
longer a pluton of given volume and emplacement depth can stay above its solidus, 
the more chance it has of interacting with the regional stress field during em
placement. The significant point here is that tabular plutons will cool faster than 
diapiric ones of similar mass due to their larger (approximately 30%) surface 
area to volume ratio. In the following sections, the rheology of granitic magmas 
during ascent and emplacement are treated in turn. Where possible, I consider 
effects in a parcel of magma close to a vertical and horizontal surface such that 
the scale of the problem is largely independent of macroscopic geometry of the 
boundary (straight or curved). Unfortunately, it is hard to assess the rheological 
effects of increasing crystal load on diapiric motion using a Stokseian formation, 
as changes in the viscosity of the magma have a negligible effect (see Batchelor 
1970, Petford et al. 1994). Thus, changes in granitic magma rheology during the 
ascent phase are concerned mostly with focused flow in narrow conduits or along 
crustal discontinuities.

RHEOLOGICAL THRESHOLDS: REAL OR IMAGINARY?

Magma viscosity can increase by a factor of 1013 over a temperature interval of 
about 200°C, with most of the increase due to the effects of mass loading of 
the melt phase by crystals (Pinkerton & Stevenson 1992). There axe a number 
of experimentally derived equations that make predictions about the behavior of 
rigid, generally spherical particles suspended in a viscous fluid, and the results 
of a survey by Jinescu (1974) are summarized by Vigneresse & Tikoff (1999). 
Unfortunately, the phenomological nature of the results do not allow one to arrive 
at a fundamental explanation of the rheological behavior of a suspension. Indeed,
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it is well recognized that establishing the mechanical properties of suspensions, 
both static and in a state of shear, is nontrivial, and no simple expression can 
be used to describe their rheology with constantly varying concentrations (e.g., 
Jeffrey & Acrivos 1976). However, an impression of the changing rheology of 
suspensions as the solid phase increases can be obtained from the well-known 
equations put forward by Einstein (1906) and Roscoe (1952) and are shown in 
Figure 2. In its original formulation, the Einstein equations were valid for small 
numbers of particles (Bird et al. 1960), although extrapolation to higher mass 
loading appears valid in some cases (Shaw 1965, Jeffrey & Acrivos 1976). Lejeune 
& Richet (1995) suggest the relationship can be extended to crystal contents up 
to 40%, and experimental work by Scaillet et al. (1997) shows that for some 
hydrous magmas, this may hold for more than 90% of the crystallization interval. 
However, problems still exist with extrapolation to concentrations >50%, along 
with other complicating factors, including particle shape, size, and mean size 
distribution. This notwithstanding, curves showing a sudden and large increase 
in relative viscosity over a small porosity interval helped inspire the work of 
Arzi (1978), who introduced the concept of a rheological critical melt percentage 
(RCMP) at about 25% to 30% melt as a fundamental property of partially molten 
materials. The experimental work of van der Molen & Paterson (1979) appeared 
to support evidence for a RCMP, and the idea was put forward for a critical melt 
fraction (CMF) at crystal contents (solidosity) of 0,3 > 0 > 0.5, thought to 
represent a fundamental rheological barrier to melt extraction (see the review by 
Wickham 1987). Similar curves appear to explain some more recently derived 
experimental data on magma rheology (e.g., Lejeune & Richet 1995). However, 
the experiments of Rutter & Nemnann (1995) on the Westerly granite (3 kbar, 
strain rates of 10“7s_1) have cast some doubt on earlier work in support of a CMF 
by showing that the strength of the material decreased gradually with increasing 
melt fraction up to 50% volume. Based on a compilation of six partial melting 
experiments on granite systems reviewed by Bagdassarov & Dorfman (1998), the 
relative (or effective) viscosity of the mixture can be approximated from log =
8 — 5.9k for low to intermediate melt fractions (porosities, k) of 0 to 0.5. This curve 
is plotted in Figure 2 for comparison with the Einstein-Roscoe & Spera (2000) 
curves for high (1-0.7) melt fractions and various packing densities. Although the 
extrapoloated curve from the partial melting experiments overestimates the relative 
viscosity at high melt fractions, there appears to be some degree of convergence at 
solidosities around 30% for both the simple cubic (<% = 0.52) and body centered 
(0o = 60) cubic packing conditions, and at higher mass loading (approximately 
40%), the modified Spera curve.

Brown&Rushmer (1997), who reviewed the mechanical behavior of migmatites 
during defonnation, cautioned against the presence of a CMF on the basis of field 
studies, whereas Wolf & Wyllie (1991) have shown that melt connectivity in par
tially molten amphibolite can be achieved after just 2% melting. Most recently, 
Rosenberg (2001) has reviewed experimental and natural case studies of the de
formation of partially molten granite, pointing out that the sigmoidal shapes of
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Figure 2 Composite plot showing various experimental and empirical curves used 
to constrain the change in relative (or effective) viscosity r)rei of magma suspensions 
with increasing crystal content (solidosity). The family of curves at high melt fractions 
(<p = 0-0.3) are calculated using the suspension viscosity equation for three maximum 
packing values (</>o) of 70%, 60%, and 50% (see Pinkerton & Stevenson 1992 and Spera 
2000 for a review of the coefficients used and their justification). Also shown (Spera 
2000) is a modified suspension viscosity curve that takes into account melt trapped 
between particles = \ - <p[\ - 0o]/</>o, where r/re/ = T]magma/r)me„ = (1 - 
0/ 'P a/)-5/2- The solid line is a compilation by Bagdassarov & Dorfman (1998) of six 
partial melting experiments, valid for 0.5 < 0 < 1, extrapolated to 0 = 0 {dashed). The 
positions of the RCPM and CMF are from Arzi (1978) and van der Molen & Paterson 
(1979). Inserts show diagramatically some of the possible rheological behaviors of the 
mixture across the crystallization interval (see text for further discussion).
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the Arzi-type RCMP curves at low melt fractions depend to a large degree on the 
experimental conditions, in particular, the melt viscosity. In summary, it is prob
ably fair to say that for static systems, the data are sufficiently ambiguous that 
the presence of a critical melt fraction at some fixed threshold cannot be ruled 
out entirely. Recent treatments of suspensions (e.g., Cates et al. 1998) that exhibit 
nonequilibrium transitional behavior from solid to fluid-like states due to processes 
such as particle jamming and associated refluidization (fragile media) may also be 
applicable to magmas and should be explored accordingly.

ONSET OF NON-NEWTONIAN BEHAVIOR A further assumption made in the extrap
olation of experimental models to real magmas is that the viscosity of the melt 
phase is Newtonian. Clemens & Petford (1999) have summarized the range in 
viscosity of granitic melts for water contents typical of leucogranitic and tonalitic 
systems. The results are summarized in Figure 3, where crystal-free granitic melt 
viscosities are of the order 104 Pa s. A similar result was obtained by Scaillet 
et al. (1998). However, as pointed out by Spera et al. (1992), if the melt phase is 
non-Newtonian, or if the crystals are not elastic (e.g., Bagdassarov & Dorfinan 
1998), the strength of the mixture will be strain-rate dependent. Unfortunately, the 
influence of strain rate on melts and magma rheology is still poorly understood, 
although experimental work on partially molten mantle rocks suggests that even 
at small amounts of melt (<5%), a combination of melt-enhanced grain boundary 
diffusion and sliding in both the diffusion and dislocation creep regimes can cause 
significant weakening of the mixture (Kohlstedt & Zimmerman 1996).

It has been proposed that granitic magma suspensions will behave as Bingham 
materials at some critical solid content (generally around 30%-40%), at which 
tire static mixture assumes a yield strength that must be overcome for flow to 
proceed (e.g., Dingwell et al. 1993, Fernandez & Gasguet 1994, Paterson et al. 
1998). Numerous studies have attempted to identify the exact point of transition 
from Newtonian to non-Newtonian behavior as a function of crystal content and 
yield strength. Estimates vary somewhat, but regardless of magma composition, 
this transition is in the region 30%-50% (maximum) crystals. Examples from the 
literature, mostly from work on basaltic systems, include Ryerson et al. (1998) (0 > 
25%), Shaw (1965), Pinkerton & Stevenson (1992) (0 > 30%), Lejeune & Richet 
(1995) (0 > 40%), Hoover et al. (2001) (0 > 25%), and Kerr & Lister (1991) 
(0 > 50%). The last two studies also highlight the important role of particle shape 
in determining tire onset of yield strength. It should be noted that there are a number 
of possible types of non-Newtonian flow behavior exhibited by unidirectional shear 
flows, and that non-Newtonian does not necessarily imply an increase in effective 
viscosity. For example, shear- thinning and dilatant flow are examples where the 
viscosity decreases with increasing strain rate (Bird et al. 1960). Indeed, highly 
cited Bingham flow is just one example of a range of possible mechanical responses 
to increasing mass loading of the mixture. Other types of possible rheological 
behavior include Maxwell (elastic response followed by viscous flow) and Kelvin 
bodies, where both elastic deformation and viscous flow of the mixture occur in
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Leucogranite 800 MPa, 750°C
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A Shaw (1972)
□ Hess & Dingwall (1986) 
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Tonalite 800 MPa, 950°C
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Figure 3 Compilation of predicted melt viscosity curves for a tonalite (SiO%2 = 
64.2 wt%) and leucogranodiorite (Si02 = 75.3 wt%) derived from various experiments 
as a function of increasing water content in the melt, along with the Shaw (1972) curve 
for comparison (after Clemens & Petford 1999).

parallel. The latter has been shown to be important in the mechanical behavior of 
water-saturated clays over short time periods at moderate porosities, where strain 
is taken up initially in the viscous fluid (Middleton & Wilcock 1994). Both may 
be applicable to the rheology of magmatic suspensions at some time during their 
deformation history (Figure 2).

BRITTLE DEFORMATION A consequence of increasing the solid fraction in the 
melt is that once a continuous framework is formed, the suspension is capable of 
transmitting deviatoric stresses. The precise timing of this is again a matter for
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debate, but depending on crystal shape, is likely to be at an excess of 50% solids 
(Kerr & Lister 1991). This value corresponds generally to the point of “lock-up” of 
the system (e.g.. Marsh 1981). It has been suggested that at high strain rates, such 
a mixture is capable of deforming as a brittle (elastic) solid, despite the presence of 
up to 50% melt (Hallot et al. 1996). The critical strain rate corresponding to brittle 
behavior for crystal-free glasses and highly crystallized magmas is > lO^s”1 
(Webb & Dingwell 1990). However, as pointed out by Miller et al. (1988), at high 
differential stresses, the yield strength of the skeleton framework may be exceeded, 
resulting in a sudden loss of contiguity and corresponding reduction in strength. 
Fernandez & Castro (1999a) have presented evidence for simultaneous brittle and 
viscous behavior in granite plutons from Iberia, but again (as with static models 
for a RCMP), rigorous constitutive models needed to describe the mechanical 
response of the magma during shear are lacking. Brittle deformation is commonly 
observed in microgranular enclaves (see below). Fracturing of enclaves is most 
likely where the flow rate exceeds several m/year (Williams & Tobisch 1994).

To summarize, models based on empirical studies, as attractive as they are, 
cannot capture the lull range of likely mechanical behavior of crystal mushes nor 
the time-dependent nature of the mixture as it deforms. What is required is a new 
approach, either experimental or theoretical, that can inject the required subtlety 
into the problem. One rapidly advancing field of science that may provide new 
theoretical insight is work currently done in the field of multiphase flow. Some 
possible strategies for dealing with applications to magma flow are set out in the 
following sections.

MAGMA (DYKE) ASCENT

FLOW OF BINGHAM MAGMA Newtonian fluids moving with constant viscosity 
(no-slip boundary condition) at low Reynolds number result in the familiar parabolic 
profile characteristic of viscous channel flow (e.g., Bird et al. 1960, p. 45). This 
is the situation described in simple models of dyke ascent of basaltic and granitic 
melts, and although robust under these simplifying assumptions, the presence of 
crystals above a critical concentration is likely to effect the flow properties of the 
ascending magmas through the introduction of a yield strength (Shaw 1965). The 
effects of yield strength on flow rates of granitic magmas are now examined. In 
their review on the rheology of magmas at sub-liquidus temperatures, Pinkerton 
& Stevenson (1992) presented equations that were used to modify the experi
mental measurements of Murase et al. (1985) on the Mt. St. Helens dacite, and 
obtained a yield strength of 370 Pa. Using this value as an example, the effects 
of yield strength (0—500 Pa) on the flow rates of granitic magma are shown in 
Figure 4 for two cases of varying magma viscosity (Figure 4a) and density contrast 
(Figure 4b). It is apparent that the effect of yield strength on the transport velocity 
is negligible at these values in comparison with the large effect of melt viscosity. 
For isoviscous flow, the effect on mean flow rate is slightly more pronounced, with 
velocity decreasing with increasing yield strength. However, this effect is more 
than offset by increasing the density contrast driving the flow. For granitic dykes
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of similar widths and melt viscosities, yield strengths >9 kPa, 20 times greater 
than the value reported for the Mt. St. Helens dacite are required to retard flow 
completely (Petford & Koenders 1998). Note that in the above example, the yield 
strength is supplied simply as a coefficient for illustrative purposes and does not 
imply a specific crystal content for the flow.

GRANULAR TEMPERATURE MODEL In simple pipe flow, the shear field varies across 
the radial dimension, from a maximum at the wall to zero at the center. Scaled 
experiments designed to reproduce the flow of magma suspensions during ascent 
and emplacement have been made by Bhattachaiji (1966). The experiments (an ex
ample is reproduced in Figure 5) show that flow is accompanied by axial migration 
of solids towards the center of the flow (the Bagnold effect), even for moderately 
low particle contents of approximately 15% by volume. Flow segregation during 
magma ascent and emplacement can be important in producing chemical differen
tiation in magmas (Philpotts 1990) and highlights the importance of understanding 
the mechanical effects arising from flow of magma. Despite being a purely phe
nomenological description, the Bagnold effect is cited as the dominant mechanism 
for flow segregation of crystals or other suspended material commonly observed 
in solidified dykes and sills (e.g., Komar 1972, Philpotts 1990). Given (as shown 
already) that deviations from simple Newtonian behavior are expected as the frac
tion of solids in the flow increases, it is important to be able to quantify and predict 
the evolution of magmatic flows under increased mass loading. In the past couple 
of years, papers have appeared in the fluid mechanics and micromechanics liter
ature that help explain the mechanisms occurring in sheared suspensions. In this 
new work, a measure of the fluctuations of the particle velocity is introduced that 
is regarded as a temperature field. The temperature is defined as the kinetic energy 
of the particles associated with the mean quadratic deviation from the average 
velocity (V); that is, if the fluctuation velocity of particle with number ( j) is

y(/) _ vu) _ (V)t

then the granular temperature of a material point with volume V is

(1)

(2)

(Koenders et al. 1996). Particle fluctuations arise because in shearing a suspension, 
particles are forced to avoid one another and to roll and translate in order to satisfy 
the mean imposed motion. The energy associated with these irregular movements 
is much greater than that to be expected on purely Brownian grounds. Further 
insight in the order of magnitude of these irregularities has been much enhanced 
by the development of numerical simulations of spherical particles in Newtonian 
fluids (Leighton & Acrivos 1987, Koh et al. 1994, Nott & Brady 1994), and prolate 
spheroids (Claeys & Brady 1993).

Although the theory is well known for dry suspensions and water-saturated 
flows, it is less developed for low Bagnold number viscous flows in pipes with
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Figure 4 Plots showing the effect of yield strength (r) on the mean flow velocity of 
a granitic magma in a dyke of width 6 m, for varying melt viscosity (a) and density 
contrast (b). The estimated yield strength of the Mt. St. Helens dacite (r = 370 Pa) 
is shown for reference. Note the small effect of yield strength on the average magma 
ascent velocity.
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Emplacement

Ascent

Figure 5 Summary of model experiments by Bhattachaiji (1966) to investigate flow 
differentiation in (mafic) magmas during ascent and emplacement for an initial solids 
content of 15% by volume. The axial concentration of solid particles (crystals) mim
ics clearly field observations on porphyritic dykes where highest concentrations of 
phenocrysts (highest effective viscosities) occur towards the centers of the flow.

rough walls (e.g., dykes). To this end, following an approach first proposed by 
McTigue & Jenkins (1992), Petford & Koenders (1998) made these multiphase 
flow equations applicable to flow of viscous magmas. To do this, several important 
modifications to the boundary conditions, namely the introduction of an isotropic 
fluid constitutive law much like those of a dense gas, were introduced. Thus, their 
approach in modeling magma as a granular material involved a balance equation 
for the fluctuational energy, equivalent to the heat equation for a gas. In their model, 
which unlike that of McTigue & Jenkins (1992) had rough boundaries, the parti
cles in the suspension were considered a dense gas with mechanical and thermal 
properties (see Chapman & Cowling 1970). The energy fluctuations of the parti
cles due to shearing are captured in the granular temperature. Most importantly, 
particle diffusion takes place when a temperature gradient is present.

Results summarizing the flow simulations pertinent to viscous multiphase flow 
in granitic dykes are shown in Figure 6a-c for three initial solidosities (0) of 10%, 
20%, and 25%. The accompanying solidosity variations, velocity, and particle 
(crystal) fluctuation velocity intensity are plotted as a function of the nondimen- 
sional cross streamwise parameter (note that a continuum solution is unavailable 
outside the mean free path boundary). The results show the granular velocity fluc
tuation intensity [iV(y)] is highest closest to the dyke walls, as expected from 
theory (Figure 6a). In response, high solidosities (crystal loads) develop at the 
centre of the dyke (Figure 6b). Intriguingly, a plateau develops in the center of 
the dyke, much like a plug in Bingham flow (Figure 6c), but note that the mecha
nism here is entirely diffiisional as the magma has no inherent strength (Petford & 
Koenders 1998). The outcome of the calculation is that high granular “tempera
tures” are obtained near the dyke walls, whereas low values appear at the center, 
thus allowing diffusion of suspended crystals towards the axis of the conduit.

Although the results were promising, the formulation has limitations. For ex
ample, at higher crystal loads (>about 0.40), the theory is deficient as it holds only
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Figure 6 (a) Profile showing the calculated fluctuation velocity for three average
solidosities (<f>) of 0.1, 0.2, and 0.25 across a dyke half width with margin at v = 1.0. 
Calculated particle velocity fluctuations are highest close to the dyke margin, implying 
high granular temperatures in this region, (b) Variation in solidosity (crystal content) 
for the three average solidosities. The predicted increase in particles toward the centre 
of the flow imply a diffusion effect similar to that seen in flow differentiated dykes 
(Bagnold effect), (c). Normalized particle velocity profile showing the development of 
an unexpected plug flow (unexpected in the sense that no yield strength was assumed, 
and the plug-like flow profiles arose spontaneously as a consequence only of particle 
diffusion).
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for small (<0.30) solidosities where the lubrication approximation is invalid. The 
measure of the energy loss (e) during an encounter between two grains is also an 
unknown parameter in magmas. The model assumes the grain surfaces are very 
smooth, but this may not be entirely relevant to crystals in magmatic flows if a 
distinct angularity is present. Highly anisotropic velocity fluctuations may also 
pose mathematical problems due to the elliptical nature of the equations. How
ever, although the theory at present contains a number of coefficients as well as 
the underlying assumptions of dense gas theory, the key physical mechanisms that 
take place in magma flow are represented, allowing an impression of the relevant 
phenomena to be assessed. The variation of temperature, velocity, and solidosity 
fields are all as expected when the average solids density is varied. Although more 
work is required to obtain the exact constitutive values of the interactive parame
ters, viscous fluctuation theory has clear application in other important geological 
processes (e.g., debris flows and pyroclastic flows) where grain interactions play 
an important role in governing the rheology of the mixture (Figure 7).

Diffusion of crystals

High shear Low shear
X

Figure 7 Summary, based on results shown in Figure 6, showing the gradients in 
velocity (du/dx) and granular “temperature” acting on a magma flowing vertically in 
a dyke. During shear, crystals diffuse away from the dyke margins, where particle- 
particle collisions (granular temperatures) are high, toward the center of the dyke (low 
shear), where collisions are minimal (low granular temperature). The resultant granular 
temperature gradient allows diffusion of particles from the margin to center of the flow 
(flow differentiation).
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EMPLACEMENT

Dyke ascent of granitic magmas is likely to be “clean and fast” with relatively little 
change in rheology over the transport distance (Clemens et al. 1997). In contrast, 
the emplacement process is likely to be Theologically “messy,” with large changes 
in mechanical properties occurring over a relatively small temperature interval 
(Hutton 1988). Different parts of the crystallizing system may well possess dif
ferent rheological properties simultaneously. For example, granitic magmas may 
be emplaced at temperatures in excess of 900°C (Clemens & Petford 1999), and 
in the presence of a porosity (intergranular melt), thermally activated mechanisms 
such as dislocation motion and twinning will govern the brittle fracture strength 
of the mixture (e.g., Kohlstedt & Zimmerman 1996, Rosenberg 2001). Laboratory 
mechanics studies on the Westerly granite show that above approximately 300°C, 
and strain rates >10~8s“1, rock strength is reduced significantly by high pore fluid 
pressures. For crystallizing granitic magmas at high but declining melt fractions 
(approximately 50%), it is assumed that the melt phase in the mush is continuous 
and that grains are everywhere wetted. However, as crystallization proceeds and 
temperature falls, this situation is likely to change. We are thus faced with the 
problem of how to proceed with a rigorous investigation into the effects of com
peting factors, including strain rate, changing melt composition, and melt fraction 
on the rheological behavior of the mixture. Solution of this problem requires a 
combination of field, experimental, and theoretical investigations. Some of the 
strategies that have been employed are set out below.

Magmatic Fabrics
Changes in magma rheology during crystallization will have a profomid effect on 
the development of magmatic fabrics (foliations and lineations) in plutonic rocks, 
and a wide range of crystal fabrics have been described [for comprehensive re
views, see Paterson et al. (1998) and Vernon (2000)]. However, it is not clear how 
best to invert the mechanical information preserved in magmatic fabrics to give 
clues about magma rheology during emplacement. This is due largely to the fact 
that fabrics record kinematic histories, whereas the rheology of a material changes 
in accord with the laws of dynamics (that is, the direction and magnitude of forces 
acting on it). For example, with reference to Figure 2, does the alignment or tiling of 
crystals reflect Newtonian, Bingham, or Kelvin (or Maxwell) rheologies? Despite 
their origin, there is a general consensus, based on evidence from field, microstruc- 
tural, and AMS (anisotropy of magnetic susceptibility) studies (see Bouchez et al. 
1997), that (a) magmatic fabrics form late in the crystallization history of plutonic 
rocks, (b) they record generally the last increment of finite strain during magma 
emplacement, and (c) preserve little or no memory of the ascent stage. One mech
anism commonly invoked as a means of aligning crystals into a magmatic fabric is 
convection. Convective instabilities in magmas can arise in principle by a number 
of mechanisms, including simple heat transfer, buoyancy effects due to changes in
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composition, and forced convection due to mechanical disturbance arising from 
intrusion of new magma batches or dykes into a crystallizing chamber. Although it 
is likely that thermal (free) convection will occur in magmas that are superheated, 
there is some doubt as to whether large-scale, chamber-wide convective motions 
can arise in solidifying fluids (Marsh 1996; also Bergantz 1991), despite supercrit
ical Rayleigh numbers (see also Tritton 1988, p. 176, on the irrelevance of the Ra 
number in natural systems). However, there is good field evidence to suggest that 
local (e.g., meter-scale) instabilities due to convective motions are important in 
fabric and structural development in some plutons (e.g., Barriere, 1981, Weinberg 
etal. 2001).

The physical conditions prevailing during crystallization also have bearing on 
the timing of magma fabric development during emplacement. Eutectic magmas 
will develop most of their textures very late in the crystallization interval (say in 
the last 10%), whereas H2O-CO2-bearing magmas may have more linear crystal
lization trends, with larger amounts of crystals forming over a wider temperature 
interval. In these instances, the mineral fabrics will have longer to record the total 
strain (see Scaillet et al. 1997, who argue that estimates of strain rates based on 
the interpretation of shape preferred fabrics in granitic plutons should be treated 
with caution).

The effects of volatiles on magma rheology is discussed in a later section.

Magma Mingling
The emplacement of granitic magmas is often accompanied by coeval mafic to 
intermediate magmas that form in intimate association with the host rock through
out its crystallization interval (e.g., Didier & Barbarin 1991). Although the timing 
and relationship between (a) magmatic fabric development and magma rheology 
and (b) the amount of strain experienced by the magma can be problematic using 
conglomerations of crystals only, magmatic enclaves offer a means of recovering 
some (albeit limited) information about viscosity contrasts and the strain history 
of the pluton while still partially molten. It is a recurrent observation that magma 
mingling results in enclaves with lobate margins, and that the final shape of the 
enclave contains kinematic and physical information, most importantly the vis
cosity and density contrasts with their host, at the time of formation (Fernandez & 
Gasquet 1994, Fernandez et al. 1997, Scaillet et al. 2000). Once account has been 
taken of the temperature effects of magma mingling, namely the heat capacities 
of the magmas and latent heat of crystallization (Sparks & Marshall 1986), many 
techniques used in the analysis of rocks deformed entirely in the solid state can be 
applied, with some caution, to make some statements about the rheology of both 
materials (e.g., Smith 2000). Where pure melts of different compositions begin 
to interact, the viscosity of the lower temperature melt is higher than the hotter 
one. This would be the case where basalt at its liquidus temperature is intruded 
into granitic melt. Note, however, that this is an end-member case and that again 
the role of crystals is paramount. Hallot et al. (1996) investigated the rheologies 
of partially crystallized magmas of different compositions, and the geometrical
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effects that can arise, including (Newtonian) Saffman-Taylor fingering and asso
ciated non-Newtonian instabilities such as dendrites. Wavelength analysis using a 
method first proposed by Ramberg (19 81) of structures formed due to gravitational 
instabilities along the margins of mafic enclaves suggest that at the time of intru
sion, the granitic host was commonly less viscous by an order of magnitude than 
the intruding microgranular material (Bremond d’Ars & Davey 1991). Such vis
cosity inversions may be commonplace. Recent numerical work (Bergantz 2000) 
shows that on the larger scale, intrusive contacts between separate magma bodies 
are liable to collapse by internal wave breaking on a timescale t^L2/k, where 
I, is a length scale and k is the thermal diffusivity, and unlikely to survive intact 
unless there is a high absolute viscosity in the host magma.

Deformation of a Magma Mush
A current theme in this review has been to seek an answer to the question, “How 
does a crystallizing magma mush respond to deformation?”

In an attempt to answer this, Koenders & Petford (2000) proposed that densely 
packed magma suspensions, where crystal contents exceed 50%, are good exam
ples of heterogeneous granular materials with a stiffness that evolves according to 
a deviatoric evolution rule [note that this usage of granular flow differs from that 
of Paterson (1995), who used the term to mean the movement of solid particles 
in a fluid assisted by intergranular diffusion at low strain rates]. The relevant ge
ological situation is shown in Figure 8 for a crystallizing magma near the floor of 
a chamber. The rheological divisions and geometry of the resulting solidification 
front are from Marsh (1996). The main deformation mechanism in such materi
als where interaction between particles is elasto-frictional is one of sliding along 
conjugate planes (Koenders 1997), tire result of which is shear-induced dilatancy 
in the porous mush. On this assumption, a mathematical model based on Biot’s 
(1941) equations of linear poroelasticity, modified to take into account the effects 
of dilatancy (see also Koenders et al. 2001), was developed for a layer of deform
ing magma at high crystal contents. Recast for the consolidation of a compressible 
fluid moving in a porous material with a position-dependent permeability Ar(x), 
porosity (melt fraction) r/>, and melt compressibility (Koenders & Petford 2000), 
tire governing equation describing a porous layer (magma mush) undergoing shear 
is

(3)

The solution to Equation 3 depends largely on the rheological assumptions put 
forward for the stiffness (dilatant modulus) tensor and the permeability, and the 
boundary conditions. An analytical solution for the simple case where both these 
variables are constant is given in Koenders & Petford (2000) for a porous layer 
with crystal contents ranging from 50% to 70%, with an impermeable top and a 
weak base (excess pore fluid pressure = 0). They provided a natural scaling (in 
length and time) for the problem and showed that the excess pore pressure in the
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Figure 8 Summary of the multiphase flow processes that may occur in a crystallizing mush 
at the base of a crystallizing granitic pluton during pure shear. The rheological divisions 
between the solidus and liquidus are from Marsh (1996). Shown for reference are the rigid 
percolation (RPT) and particle locking thresholds (PLT) proposed by Vigneresse et al. (1996) 
for crystallizing magmas. The sequence a-c shows in progressively more detail the conceptu
alized geometry and microstructural effects of shear-induced dilatancy between two coupled 
but rigid domains (p and q) in a vertical region of mush (0.3 < n < 0.5). If the top of the 
region is virtually impermeable [pressure gradient dp/dy(0) = 0] and the bottom is regarded 
as entirely fluid (infinite permeability), then all components of the incremental stiffness tensor 
relating the solid framework a vanish. Assuming no excess pore pressure or skeletal stress in 
the vicinity of y = D, then d{t) = 0 with p(D) = 0 and the shear stress rate is defined by 
c(/), and a solution to Equation 3 can be found. The insert shows the relationship between 
tortuosity and porosity for various percentages of fluctuations in packing density of grains 
in the mush. Although the range of packing density fluctuation in nature is not known, the 
effect is likely to be important and strongest at crystal contents >50% (i.e., in the region of 
mush most sensitive to the effects of shear-induced dilation).

deforming layer as a function of stress rate conforms to

(4,
(Ml)

Although the geometry investigated was limited to one dimension, the essence 
of a number of geophysically relevant situations were captured in this way. For
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example, the maximum value of pressure at the top of the region is at = 
1.6D2(1 + a\nfi)/(kba\). Permeability is known to vary with the grain size (d) 
and melt viscosity rj through k — Fd2n3/)-], where F is the tortuosity of the 
porous matrix and n the porosity (e.g., Dullien 1992). It has also been identified as 
an important parameter in rheological models of a critical melt fraction (Renner 
et al. 2000). Taking the stiffness (dilatant modulus) for a densely packed granular 
material in the range 107-109 Pa, and a melt viscosity of approximately 105 Pa s 
(Clemens & Petford 1999), the time constant is of the order of (q ^ 0.0lDz/d2. 
For a layer thickness (D) of several meters this is approximately 40 days. Note that 
the time constant is independent of the shear stress rate (c). Finally, the long-term 
flow rate (kodp/dy) in the middle of the layer is

, dpoo: ko— - 
dy

—DRcq

2oi
(5)

and the change in excess pore fluid pressure as a function of shear stress rate at 
long times is given by

jD2 — y2
p(y,oo) = Rco--... • (6)

This set of equations marks an important improvement on previous semiquantita- 
tive models of granitic melt flow in porous rock (e.g., Vigneresse et al, 1996) in that 
they provide a link between strain rate and coupled pressure changes in both the 
solid and melt phase. Magma compressibility (due to the presence of gas) is also 
taken in to account. In particular, Equation 6 allows a sensitivity analysis of the 
effect of the transport properties of the mush (expressed through the permeability) 
to be assessed as a function of strain rate. Results showing the distribution of the 
excess melt fluid pressure as a function of strain rate are shown in Figure 9 for 
various positions (y) through a 10-m-thick layer. Figure 9a shows two curves cor
responding to different strain rates for a fixed permeability of & = 10~15 m2. The 
maximum excess pore fluid pressures occur at position y = 0 and increase with 
increasing strain rate from an average of approximately 102 Pa at e = 10“14 s-1 
(plate tectonic rates) to > 1 MPa at strain rates of 10-I° s-1, typical of emplacement 
loading conditions. Note that increasing the grain size from 1 mm to 5 mm results 
in a drop of 0(104) in excess pore fluid pressure. Figure 9b shows the effect of 
varying solids concentration on the mechanical response of the mixture for a fixed 
strain rate of 10“10 s-1 and grain size of 5 mm. The effect of increasing permeabil
ity of the mush on the development of excess pore fluid pressure is strong, with 
lowest excess pressures at highest porosities (50%), With increasing solids (crystal) 
content, the excess pore pressure also increases. In physical terms, this behavior 
reflects volume changes caused by shear-induced dilatancy in the granular frame
work, which is more easily achieved at a given shearing stress at lower porosities. 
At strain rates typical of pluton emplacement (10-1° s-1), this becomes a signifi
cant effect, creating zones of transient low pressure that act to draw the melt into 
the mush from above or below. Local flow in the mush produced in this way may
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Figure 9 Results based on Equation 6 showing the change in excess pore fluid (melt) 
pressure in the deforming porous layer depicted schematically in Figure 8, as a function 
of vertical position (y). (a) Highest excess pore fluid pressures scale with shear stress 
rate and can theoretically exceed 1 MPa. (b) The effect of increasing crystal loads 
(decreasing permeability) in the mush results in excess pore fluid pressure at a given 
rate of strain.

lead to the rotation and alignment of suspended particles, and local blocking and 
chocking of the mushy zone analogous to filtration effects (cakes) formed during 
some industrial processes involving two-phase flow (Petford & Koenders 2003).

Three-Phase Mixtures
Volatiles (mostly H2O) are an important component of many subvolcanic magmatic 
systems and in deeper-level water-rich plutons. Their effect can be compositional 
or mechanical. In a series of experiments to determine the rheology of cooling 
granitic magmas in the presence of a discrete volatile phase, Scaillet et al. (1997) 
showed the crystallization paths over a range of temperatures (920°C—750°C) 
and initial H2O contents (7-4.5 wt% H2O) were eutectic, with only 20-30 wt% 
crystals after 90% cooling. Although these H2O contents are higher than the “ideal”
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values of Clemens & Petford (1999) for tonalite and leucorganodiorites} the effect 
was instructive, with the increase in melt viscosity less than twofold, whereas the 
magma viscosity remained within 0(101) of the initial value throughout most of 
the crystallization interval. This is shown graphically in Figure 10, where the “dry” 
viscosity, calculated using suspension theory, and the magma viscosity based on the 
curves shown in Figure 3 as a function of increasing water content, are compared 
for two granitic compositions. The results show the strong modifying effect of 
water on the bulk viscosity, which during crystallization counters the effects of 
falling temperature and increasing mass loading that both tend to increase the bulk 
viscosity. Such trends show that simple models of granite magma rheology based 
on Einstein-Roscoe theory should be treated with caution. Not all volatiles reduce 
magma viscosity. In contrast, Scaillet et al. (1997) found that both CO2 and fOj 
can act to increase the viscosity of the melt phase during crystallization, and they 
speculated that during slow (diapiric) magma ascent, the level of emplacement 
may be sensitive to the oxidation state of the magma.

At low pressures, volatiles will be exolved from the melt, forming bubbles, that 
produce a mechanical effect (e.g., Bagdassarov & Dingwell 1992). In a three-phase 
mixture of bubbles and solids in a melt carrier phase, the effective viscosity can 
increase or decrease depending upon the stress rate (Spera 2000). The Capillary 
number (Ca), the ratio of viscous forces to interfacial surface tension (y), is defined 
as

(7)

where e is the shear rate and r is the bubble radius. Natural systems define a range 
of Ca numbers from 1 < Ca to »!, and an increase in bubble content from 0% 
to 50% can result in a factor of 10 decrease in relative magma viscosity. Again, as 
with static models for two-phase suspensions, strain rate is crucial in determining 
the rheomorphic behavior of the system. Thus, at low rates of shear, bubbles act as 
nondeformable inclusions (analogous to solids), and the melt viscosity increases 
with increasing solids content. At high shearing rates, the bubbles deform, resulting 
in a decrease in the viscosity of the solid-fluid mixture with increasing bubble con
tent (Spera 2000). At Ca numbers close to unity, viscous dissipation in and around 
bubbles becomes important as they are defonned by shearing (Rust & Manga 
2002). The decrease in solubility of H2O and CO2 with decreasing pressure can 
lead to the limited development of silicate foams (melt-vapor emulsions) charac
terized by bubble contents in excess of 60%. Although not fully relevant to plutonic 
systems, such foams may develop during very late stage fractionation of high-level 
plutons and in some pegmatite dykes.

Emplacement and Rheology of Silicic Volcanic Rocks
Useful rheological comparisons can be made with volcanic rhyolitic and dacite 
domes and lava flows and intrusive magmas, which are especially relevant at the 
crossover between hypabassal (subvolcanic) dykes and sills. As with deeper-seated
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Figure 10 Modification of Figure 2 showing the calculated change in magma viscos
ity with increasing solids content for the two compositions (tonalite and leucogranite, 
800 MPa) shown in Figure 3. The two curves for both compositions show the increase 
in viscosity due to increasing solids where the melt viscosity is fixed {solid line) and 
the effect of H2O on the viscosity of the melt phase {dashed line), resulting in an overall 
decrease in magma viscosity with increasing mass loading.

plutonic rocks, studies show that the relative viscosities of crystallizing lavas vary 
by several orders of magnitude due to differences in crystal concentrations and 
shear stress rate. A major difference between plutonic and extrusive magmas is the 
strain rate during flow. In general, emplacement of silicic materials at the surface of 
the earth is characterized by much higher strain rates (10-2 to 10-6 s-1; Chadwick 
et al. 1988), than for granitic plutons (approximately 10-10s-1; Fernandez & 
Castro 1999b). The effects of volatiles are also likely to be far more relevant at lower 
pressures (see previous section). Taking again the example of the Mt. St. Helens 
dacite, Pinkerton & Stevenson (1992), using a reinterpretation of measurements by 
Muarse et al. (1985), show that for solidosities of 0.693, the apparent viscosity of 
3 x 1012 Pa s at a strain rate of 10“10 s“1 drops by three orders of magnitude to 3.5 x 
109 at a high strain rate of 1 s_I, with a change in apparent viscosity from 47,730 
to 45. Similar calculations at lower solids contents (</> = 0.39) and varying water 
contents show a factor of three variation in apparent viscosity with strain rate. These
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changes are significant for plutonic systems, where the strain rates accompanying 
magma emplacement, especially at high transport rates, require them to be well 
in excess of plate tectonic values, or those based on time-averaged fault slippage 
(Petford et al. 2000). Given the strong control of shear stress on the rheology of 
suspensions, it is of importance to constrain the peak rates of deformation during 
the emplacement of granitic magmas in the continental crust. It may be significant 
that many of the deformational and textural features seen in crystal-rich rhyolite 
lavas (for example the Inyo chain, California), with calculated relative viscosities of 
between approximately 7-15 Pa s and esthnated yield strengths of just 100-200 Pa, 
record strain rates of approximately 10-7 s-1. Given the similarity between these 
structures and those in plutonic environments where magmas have comingled, 
it is tempting to speculate that averaged rates may be punctuated by periods of 
high shear. Such events would be accompanied by rapid dilatancy and local flow 
phenomena predicted from the models of Koenders & Petford (2000).

SUMMARY

The rheological changes that take place in a granitic magma during ascent and 
emplacement are summarized in Figure 11. Three ascent modes are implied: 1. 
rapid dyke ascent, 2. ascent at constant melt fraction, and 3. ascent accompanied 
by crystallization. Calculated flow rates in dykes suggest that the ascent stage (1) 
is likely to be adiabatic (Clemens et al. 1997), If so, and the superheated melts are 
able to resorb entrained material, resulting in a reduction in mass loading as ascent 
proceeds, then a number of interesting effects may follow. One is a drop in relative 
viscosity, resulting in faster magma ascent rates. Such behavior would constitute 
a negative feedback. However, as pointed out by Bagdassarov & Dorfinan (1998), 
if the resorbed solid phase is quartz or a feldspathic mineral, the increase in Si02 
content in the fluid carrier phase may lead to an increase in melt viscosity that 
may balance, or exceed, the mechanical effects of reduction in particle nmnber 
density. Alternatively, resorbtion of ferromagnesian minerals would increase the 
structural parameter NBO/T, the ratio of nonbridging oxygen to the total oxygen 
content, leading to a decrease in the viscosity of the melt phase. If these minerals 
are H2 O-bearing, further reductions may follow. Curve 2 shows a hypothetical 
ascent path where the crystal load is constant. Flow in a dyke would result in the 
flow differentiation effects described earlier, with migration of particles towards 
the core of the flow. This is the picture modeled by Bhattacharji (1966) (Figure 5). 
Magma emplaced carrying a suspended load may be followed by a period of 
crystal sedimentation and development of layering as the flow rate drops prior 
to full crystallization. Curve 3 (possible diapiric ascent) is marked by continuous 
crystallization. Only in this case will fabric orientations provide information on 
the ascent process.

A consensus is emerging that most granitic magmas will be emplaced ei
ther crystal free or with < 0.50 solids. The emplacement stage is marked by 
large changes in magma rheology and strength as crystallization proceeds, and is
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Figure 11 Diagram summarizing the different processes likely to affect the rheolog
ical behavior of granitic magma during channelized flow (ascent) and emplacement, 
based on some of the ideas reviewed in the text. Adiabatic ascent (1) results in super
heating of the melt. Shear-enhanced diffusion governs the mechanical component of 
the upwards flow (2) with moderate crystal loads (up to 25%). Crystallization during 
ascent (diapiric rise?) is depicted by line 3. Cooling, solidification, and increasing rel
ative viscosity will dominate the emplacement phase and govern the resultant fabrics 
and structures (summarized after Paterson et al. 1998).



RHEOLOGY OF GRANITIC MAGMA 423

reflected in the fabrics that develop (Figure 11; summarized from Paterson et al. 
1998). Undoubtedly, various rheological thresholds will be crossed, although it 
is still not clear how these might be affected by the combined effects of volatile 
content and deformation accompanying the emplacement process. Shear-induced 
pressme changes in the crystallizing mush can now be calculated for porosities 
in the range 0.5-0.3, along with important microstructural parameters governing 
flow in the defonning mush, such as the tortuosity, fluctuations in packing density, 
and grain size. A move away from models of magma rheology and emplacement 
constrained by averaged rates of fault motion is recommended.
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Abstract

The Kohistan arc, situated in the Pakistan Himalaya, is a Cretaceous intraoceanic island arc which was initiated during the 
northward movement of the Indian Plate. The arc was sutured to Asia at ca. 100 Ma. It was subsequently tilted northward when 
underplated by Indian continental crust during the early stages of India-Asia collision. Deep erosion of this tilted section provides a 
spectacular' section through the whole arc sequence and offers a profound insight into the mechanisms of early stages of arc 
formation. Geochemical analysis and rare earth element modelling of basaltic sequences which date from the intraoceanic stages of 
arc development allow identification of three main magma source types in the mantle beneath tire juvenile arc. The ‘E-type’ Kamila 
Amphibolites, with a MORB-type chemistry, form the intraoceanic basement to the arc. The ‘D-type’ Kamila Amphibolites are the 
earliest of the arc volcanic rocks. These were extracted from a primitive spinel-bearing mantle source, above a north-dipping 
subduction zone. The stratigraphically younger basalts of the Jaglot Group and Ghizar Formation of the Chalt Volcanic Group were 
derived from partial melting of a gamet-b earing source at greater depth. The Hunza Formation of the Chalt Volcanic Group 
contains the youngest mafic volcanic rocks of the intraoceanic arc. Although coeval with the Ghizar Formation of the Chalt 
Volcanic Group, they were generated by melting of a depleted, spinel-bearing mantle source rock and were erupted into a spatially 
and temporally restricted back-arc basin developed behind the volcanic front. The Chalt Volcanic Group was therefore formed from 
two different, adjacent, mantle source regions active at the same time. Results of REE modelling are consistent with models for 
infraoceanic arc formation in which the earliest volcanic rocks are derived from shallow level spinel-bearing peridotite, and later 
ones from a deeper gamet-bearing source. This is consistent with die melt region becoming deeper with time as subduction 
continues. A two-stage model is proposed for the back-arc basalts of the Hunza Formation in which a mantle source, depleted from 
a previous melting event, is underplated beneath the arc and later remelted during decompression as a consequence of extension 
and rifting of the arc.
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1. Introduction

The Kohistan arc, located in NW Pakistan, was initiated 
in the Neotethys Ocean during the Cretaceous as an 
intraoceanic island arc developed above a N-dipping 
subduction zone (Tahirkheli et al., 1979; Coward et al., 
1987; Khan et al., 1993; Treloar et al., 19%; Burg et al., 
1998; Bignold and Treloar, 2003). The arc was subse
quently sutured to Asia between 104 Ma (Petterson and 
Windley, 1985) and 85 Ma (Treloar et al., 1996), when it 
became an Andean-type volcanic margin. The arc was 
structurally telescoped along N-dipping thrusts during 
suturing and subsequent underthrusting by the leading edge 
of continental India As a result a full stratigraphic 
succession from the base of the arc to its stratigraphic top 
can now be traversed along accessible valleys. The 
opportunity therefore arises to trace temporal and spatial 
changes in volcanic style, chemistry and magma source 
regions through the complete life of the arc from its 
initiation as a juvenile intraoceanic island arc through its 
evolution and eventual suturing with Asia to become a 
continental margin arc.

Much geochemical data have been published from 
rock suites throughout the accessible regions of 
Kohistan (Jan and Howie, 1981; Petterson and Windley, 
1985; Jan, 1988; Khan et al., 1989; Treloar et al., 1989; 
Jan and Windley, 1990; Petterson et al., 1990; Petterson 
and Windley, 1991, 1992; Sullivan, 1992; George et al., 
1993; Khan et al., 1993; Petterson et al., 1993; Sullivan 
et al., 1993; Khan et al., 1996, 1997; Bignold and 
Treloar, 2003). This paper presents new stratigraphic 
and geochemical data for volcanic successions in both 
the eastern and western parts of the arc. The new 
geochemical data supplement previously published data 
and include complete rare earth element datasets.

Rare earth element modelling is used to identify 
potential magma sources and suggest the degree of 
partial melting in the mantle wedge beneath the arc, with 
the aim of determining changes in magma source 
regions as the juvenile arc evolved. The results of 
modelling each volcanic succession across the arc are 
combined with stratigraphic and geochemical analysis 
to formulate a model for magma generation beneath the 
arc from its initiation until suturing with Eurasia.
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Fig. 1. Geological sketch map of Kohistan. Boxes denote sampling areas.
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2. Outline geology of the Kohistan arc

The rocks of the Kohistan island arc trend generally 
east-west (Fig. 1), and dip northward. The arc is bounded 
to the north by the Shyok Suture, along which it is sutured

to Asia, and to the south by the Main Mantle Thrust 
(MMT), the western continuation of the Indus-Tzangpo 
Suture Zone along which it was thrust southward over 
continental India in the early Tertiary (Coward et al., 1982; 
Corfield et al., 2001.). It is bounded to the east by the
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Fig. 3. Geological sketch map of the Panjkora and Dir valleys. Dir District, Kohistan. showing sample locations (modified from Treloar et al., 1996).
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Raikot-Sassi fault zone (Coward et al., 1986), which 
separates the arc from the Indian Plate gneisses of Nanga 
Parbat, tectonically exhumed from beneath the arc rocks 
during the Pliocene.

Several distinct lithologies have been identified 
within the arc. A series of layered mafic and ultramafic 
intrusive cumulate bodies, the Jijal, Sapat and Torra 
Tigga complexes, occur along the southern margin of the 
arc, in the immediate hanging wall of the MMT (Ahmed 
and Chaudhry, 1976; Jan and Howie, 1981; Jan et al., 
1983; Jan and Windley, 1990; Jan and Tahirkheli, 1990; 
Miller et al., 1991; Jan et al., 1992, 1993; Khan et al., 
1998) (Fig. 1). Amongst these bodies, the Jijal Complex 
has a magmatic age of 118 ± 12 Ma with a subsequent 
granulite facies metamorphic overprint at about 100 Ma 
(Anczkiewicz and Vance, 2000; Yamamoto and Naka
mura, 2000).

Three distinct volcano-sedimentary sequences are 
exposed within the arc. From south to north these are the 
Kamila Amphibolites, the Jaglot Group and the Chalt 
Volcanic Group. The Kamila Amphibolites (Fig. 1) 
extend E-W across the southern part of the arc, and have 
been studied in detail in the Indus and Swat valleys of 
central Kohistan (Jan, 1970, 1979, 1988; Treloar et al., 
1990, 1996) and in south-east Kohistan in the Thak 
valley (Khan et al., 1998). They are dominantly 
composed of mafic rocks, both extrusive and intrusive, 
but with ultramafic, dioritic, tonalitic, granitic and 
trondhjemitic plutons, and rare sediments. The rocks 
have been metamorphosed to amphibolite facies, and, in

the Indus valley, are strongly sheared and deformed. The 
outcrop of the Kamila Amphibolite Belt widens 
westward so that in the Dir valley it has a cross-strike 
width of about 35 km (Figs. 1-3).

The Jaglot Group lies to the north of the Kamila 
Amphibolite Belt (Figs. 1-3) and was recognised as a 
major stratigraphic unit by Khan et al. (1994) and 
Treloar et al. (1996). It comprises a belt of volcaniclastic 
schists interbedded with metavolcanic rocks and extends 
E-W across the arc. It includes the Gilgit Formation, 
Gashu Confluence Volcanic Formation and Thelichi 
Volcanic Formation (Khan et al., 1994) which are 
exposed in the Indus valley to the southwest of Gilgit, 
the Majne Volcanic Formation to the S of Gilgit (Ahmed 
et al., 1977; Khan et al., 1994, 1996, 1997), and the 
Peshmal Schists (Jan, 1970; Jan and Mian, 1971; Khalil 
and Afridi, 1979; Sullivan, 1992) exposed in the Dir and 
Swat valleys in the west of the arc (Treloar et al., 1996 ). 
The northern margin of the Jaglot Group is intruded by 
the Kohistan Batholith across the length of the arc.

The Chalt Volcanic Group and the Yasin Group 
(Figs. 1,4) crop out in an arcuate belt along the northern 
margin of the arc to the south of the Shyok Suture 
(Petterson et al., 1990; Petterson and Windley, 1991; 
Petterson and Treloar, 2004). The Chalt Volcanic Group 
lies stratigraphically above the Jaglot Group, although 
both are intruded by granitoids of the Kohistan 
Batholith. The Chalt Volcanic Group has been divided 
into the Ghizar and Hunza Formations by Petterson and 
Treloar (2004). The Hunza Formation has been

73°E 74°E 7S°E

3e°N

Fig. 4. Geological sketch map of northern Kohistan, showing sample locations (modified from Petterson and Treloar 2004).
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interpreted as a back-arc basin (Treloar et al., 1996; 
Rolland et al., 2000; Robertson and Collins, 2002; 
Bignold and Treloar, 2003). Rocks correlated with the 
Chalt Volcanic Group exposed to the east of the Nanga 
Parbat syntaxis carry a post-Valanginian fauna (Robert
son and Collins, 2002).

The Chi las complex is a mafic to ultramafic, calc- 
alkaline intrusive body, which extends for 300 km E-W 
along the length of the arc, with a maximum width of 
40 km (Khan et al., 1989) (Fig. 1). In the west of the arc, 
in the Dir valley, it is intrusive into the Kamila 
Amphibolites (Sullivan et al., 1993; Treloar et al., 
1996). By contrast, in the east of the arc it is intrusive 
into the contact between the Jaglot Group to the north 
and the Kamila Amphibolites to the south (Fig. 1). It 
consists of massive gabbro-norites, with minor discor
dant dykes and intrusive bodies of a mixed dunite- 
peridotite-pyroxenite-anorthosite association (Jan, 
1979; Jan and Howie, 1981). In the Indus Valley its 
northern margin contains abundant xenoliths of strongly 
deformed schists of the Jaglot Group (Treloar et al., 
1996) which dates its emplacement as post-dating 
suturing of the arc to Asia. The southern margin, 
which lies on the hanging wall of the Kamila Shear 
Zone, is metamorphosed to amphibolite facies. The 
Chilas complex gabbro-norites in Upper Swat have a 
U-Pb zircon age of ~$5 Ma (Zeitler et al, 1981; 
Zeilinger et al., 2001). A Sm-Nd age of 69.5 ±9.3 Ma 
has been obtained from a “granulite facies” body of the 
Complex (Yamamoto and Nakamura, 1996).

The Kohistan Batholith (Fig. 1) forms part of the 
Trans-Himalaya Batholith and is intrusive into both the 
Chalt Volcanic Group and the Jaglot Group. On the basis 
of Rb-Sr whole-rock isochron ages, Petterson and 
Windley (1985, 1991) identified three distinct stages of 
emplacement of the Kohistan Batholith. Stage 1 plutons, 
which include the deformed Matum Das tonalite, were 
emplaced between 110 and 90 Ma, prior to suturing of the 
arc to Asia. Stage 2 plutons, with undeformed low-to- 
high-K calc-alkaline gabbros and diorites (with hom- 
blendite cumulates), and granodiorites were emplaced 
between 85 and 40 Ma. Stage 3 plutons were emplaced as 
granite sheets comprising biotite± muscovite± garnet 
leucogranites at about 30 Ma (George et al., 1993). Both 
Stages 2 and 3 were emplaced after suturing with Asia.

3. Field relations and geochemistry

In this study, samples of basaltic and andesitic 
volcanic rocks from all of the volcano-sedimentary 
groups have been analysed for major, trace and rare 
earth elements. Some samples from the Chalt Volcanic

Group, previously analysed by Petterson and Windley 
(1991) and from the Kamila Amphibolites previously 
analysed by Khan et al. (1997), were re-analysed in 
order to generate complete rare earth element datasets. 
Sample locations are plotted in Figs. 2-4.

Samples were ground to fine powder in an agate ball 
mill, taking care not to include any veined or weathered 
material, and all powders, including international 
reference standards, were oven-dried overnight at 
105 °C. Lithium metaborate (LiB02) fusions were 
prepared, including blanks. Powders were weighed and 
thoroughly mixed with LiB02, which had low La 
contamination. Each mixture was transferred to a carbon 
crucible and fused in a muffle furnace at 1050 °C. The 
melts were poured into polythene screw-top bottles 
containing 0.8 M HN03, and the solutions were stirred 
until dissolved. The solutions were filtered into 
volumetric flasks and made up to an 0.5 M HNO3 

solution with deionised water. They were immediately 
transferred to new polypropylene bottles for storage. 
Analysis took place within 1 week of preparation to 
avoid hydrolysis and possible precipitation during 
storage. Major elements were analysed using the Horiba 
Jobin Yvon Ultima 2C ICP-AES, and trace and rare 
earth elements at the NERC ICP-MS Facility at 
Kingston University using the VG Elemental Plasma- 
Quad 2+ STE. Analytical precision and accuracy during 
analysis by ICP-AES were monitored using an interna
tional reference standard after every five samples. 
Analysis by ICP-MS requires that the solutions are 
diluted a further 25-fold prior to analysis. The 
instrument was calibrated using synthetic mixed- 
element standard solutions. Analytical precision and 
accuracy during ICP-MS analysis were monitored using 
international standard reference materials run at the 
same time as the samples. An internal standard solution 
was analysed after every five samples to monitor any 
drift, and all analyses were corrected for drift. The lower 
limits of detection (Table 1) were calculated to a 95% 
confidence level of 3 standard deviations (3<r) of the 
data. Data below this level were discarded.

Radiogenic isotope data for Sr, Nd and Pb were 
obtained at NIGL, Keyworth (Bignold and Treloar, 
2003). Samples were carefully selected on two criteria. 
Thin section analysis enabled us to exclude any samples 
showing significant degrees of post-metamorphic hy
dration. Secondly, geochemical analytical data were 
used to ensure that adequate levels of Sr, Nd and Pb 
were present for isotopic analysis. Analytical procedures 
followed were those published for Sr and Nd by Royse 
et al. (1998) and for Pb by Kempton (1995). Sr and Pb 
were run as the metal species on single Ta and single Re
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Table 2
Table of geochemical analyses for the Jaglot Group

Gashu Confluence Volcanic Formation Peshmal Fonnation

N433 TL5 N426 N432 N431 N434 N425 TL3 TL1 TL6 DR64 DR34 SW27 SW25 SW40 DR55 DR25

Si02 48.32 51.16 55.46 56.66 56.9 57.46 60.21 60.51 61.05 61.57 45.71 47.40 47.41 48.06 48.34 51.64 51.86
Ti02 1.51 1.07 1.21 0.75 0.7 0.75 0.18 0.56 0.18 0.14 0.67 0.90 0.82 0.74 0.91 0.70 0.83
A1203 17.09 16.33 14.37 15.9 16.29 13.79 13.36 18.14 13.19 16.52 15.10 16.92 13.07 13.30 13.25 16.19 17.50
FeOt 9.71 9.77 2.53 1.93 1.95 1.86 1.49 1.48 1.46 1.05 41.82 11.39 9.63 9.53 10.13 10.29 9.34
MnO 0.17 0.19 0.23 0.14 0.17 0.18 0.09 0.19 0.08 0.09 0.25 0.33 0.19 0.22 0.20 0.24 0.38
MgO 7.71 7.36 4.59 5.66 6.17 7.01 5.91 2.38 5.05 4.75 11.77 1.83 13.43 12.92 12.90 6.77 5.79
CaO 9.85 9.39 6.87 9.84 6.35 6.92 7.94 6.86 11.12 10.51 10.83 12.54 11.66 12.17 11.49 12.19 9.86
Na20 3.38 2.79 3.29 3.32 6.2 4.31 1.41 3.43 0.55 0.86 1.29 1.99 0.99 0,67 0.69 0.71 3.81
k2o 0.41 0.44 0.86 0.34 0.26 1.34 0.9 0.64 0.03 bdl 1.07 3.52 1.16 1.10 0.93 1.55 1.21
P205 0.24 0,28 0.15 0.14 0.12 0.13 0.08 0.18 0.06 0.02 0.22 0.10 0.17 0.13 0.13 0.30 0.11
V 151 168 359 208 262 218 195 58.6 158 137 237 221 174 146 193 231 170
Cr 85.3 280 57.2 80.9 66 107 132 bdl 126 172 615 74.5 703 701 622 150 70.8
Ni 78.4 83 37.1 42.9 61.1 56.3 56.5 bdl 65.4 50.8 168 36.8 188 196 181 47.5 20.2
Cu 25.9 111 28.4 50.7 48.1 82.1 80.6 9.1 24.9 65.2 61.6 20.2 bdl bdl 2.1 5.3 7.6
Zn 48.5 70.7 89 50.1 60.1 72.1 40.2 74.4 50.5 42.3 103.6 77.9 52.6 62.3 74 140.7 90.4
Rb 6.11 6.27 25.7 3.87 0.49 30.8 2.42 21.8 3.03 bdl 29.9 112.3 33.1 39.1 32.67 71.53 28
Sr 321 311 202 162 31.8 86.7 58.2 393 41 66.4 142 140 60 69.9 105.7 343 276.7
Y 23.7 20 28.8 17.3 16.8 18.6 3.1 19.2 3.6 6.0 14.8 14.1 11.8 9,0 12.3 19.4 10.2
Zr 118 48 68.4 41.1 39.3 41.1 27.1 64.4 25.7 30.6 41.9 43.2 35.3 28 32.2 42 24.3
Nb 3.61 1.84 1.53 0,94 0.92 1.29 1.21 2.56 1.36 0.93 2.09 1.76 1.68 1.63 1.93 1.78 0.78
Ba 39.7 106 72.4 44.8 10.9 291 28.9 314 25.4 21.5 85.4 390 28.1 93.1 36.5 108.3 44.3
Hf 2.58 1.62 1.95 1.40 1.21 1.51 0.71 1.84 0.71 1.11 1.29 1.29 1.39 1.18 0.88 1.49 1.10
Ta 0.28 0.18 0.13 0.06 0.06 0.11 0.19 0.09 0.15 0.16 0.13 0.06 0.13 0.07 0.13 0.14 0.12
Pb 1.33 1.15 bdl bdl bdl 0.69 bdl 0.86 1.57 1.63 0.76 1.39 1.03 1.56 0.90 2.54 1.20
Th 0.41 0.95 0.54 0.37 0.67 0.38 1.71 1.59 1.42 2.19 1.81 0.64 1.68 1.11 1.01 1,63 0.35
U bdl 0.39 bdl bdl bdl bdl bdl 0.66 0.53 0,81 0.46 0.26 0.44 0.27 0.36 0.53 0.21
La 6.70 7.01 3.49 2.31 3.18 1.67 2.40 8.25 3.26 5.10 9.61 4.38 6.73 4.61 5.01 9.48 2.58
Ce 18.30 17.10 9.93 6.62 6.74 6.25 5.95 19.40 7.20 10.30 20.03 8.91 14.73 10.16 10.80 19.33 6.61
Pr 2.79 2.49 1.73 1.14 1.02 1.15 0.68 2.64 0.75 1.11 3.06 1.31 1.97 1.34 1.38 2.68 0.99
Nd 14.20 10.60 9.22 6.41 5.70 6.82 2.76 12.30 2.50 3.98 13.07 5.58 9.15 5.34 7.12 12.00 4.96
Sm 3.69 3.64 2.86 2.41 1.96 2,36 bdl 3.07 0.91 1.38 2.48 1.72 2.68 1.84 2.75 4.14 1.64
Eu 1.47 1.22 1.02 0.74 0.73 0.84 0.22 1.14 0.36 0.12 1.07 0.58 0.48 0.41 0.60 0.70 0.79
Gd 4.37 2,85 3.91 2.68 2.71 3.12 0.61 3.35 0.97 1.28 2.94 2.58 2,51 2.09 2.68 3.33 1.96
Tb 0.73 0.61 0.72 0.48 0.50 0.54 0.09 0.47 0.12 0.20 0.51 0.40 0.39 0.32 0.44 0.48 0.40
Dy 4.93 3.85 5.15 3.52 2.45 4.01 0.66 3.79 0.91 1.09 2.60 2.74 2.99 2.02 2.29 3.77 1.91
Ho 0.92 0.82 1.09 0.73 0.72 0.84 0.13 0.67 0.11 0.18 0.62 0.52 0.47 0.48 0.56 0.64 0.56
Er 2.90 2.15 3.31 2.19 2,09 2.42 0,49 2.30 0.55 0.81 1.65 1.60 1,36 1.01 1.43 2.69 1.24
Tm 0.44 0.33 0.49 0.31 0,32 0.36 bdl 0.38 0.06 0.12 0.19 0.27 0.23 0.21 0.22 0.36 0.28
Yb 2.76 2.05 3.05 1.99 2.10 2.32 0.63 2.16 0.67 1.16 1.85 2.04 1.41 0.99 1.51 2.61 1.30
Lu 0.37 0.24 0.41 0.37 0.33 0.37 bdl 0.39 0.08 0.13 0.30 0.25 0.30 0.21 0.19 0.31 0.23
87Sr/ 0.7 0.7 0.71 0.71
86Sr
l43Nd/ 0.51 0.51 0.51 0.51
144Nd
eNd^o 6.44 4.17 6.17 -6.93
2°<;pb/

204Pb
207Pb/
Z04Pb
208pb/
204pb

Mg#

18.19 18.45 18.33 18.5

15.53 15.62 15.58 15.64

38.18 38.63 38.4 38.65

0.59 0.57 0.42 0.54 0.56 0.60 0.61 0.39 0.58 0.64 0.66 0.22 0.72 0.71 0.69 0.54 0.52
(Ce/ 1.72 2.16 0.84 0,86 0.83 0.70 2.44 2.32 2.78 2.30 2.80 1.13 2.70 2.66 1.85 1.92 1.31
Yb)N
Eu/Eu* 1.12 1.16 0.93 0.89 0.97 0.95 1.09 1.17 0.28 1.21 0.84 0.57 0.64 0.68 0.58 1.35

bdl=below detection limits. Sample locations are shown in Figs. 2 and 3. Eu/Eu*=EuN/V[(Sm)N■ (Gd)N'|; Mg4= 100[Mg2+/(Mg2'l‘-}-Fe2+)].
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Tabic 4
Table of geochemical analyses for the Ghizar Formation of the Chalt Volcanic Group

99-19 99-18 99-37 99-38 99-36

Yasin

99-29

Yasin

99-28 99-39 99-42 99-41 BHVO-1 AGV-1

Ishkoman Ishkoman Yasin Yasin Yasin Dehimal Dehimal Dehimal

SiQj 48.64 49.52 50.52 54.99 54.52 56,12 59.52 59.66 60.70 61.46 50.85 58.35
TiOi 0.58 0.52 0.48 0.51 0.56 0.59 0.58 0.70 0.68 0.70 2.80 1.02
AhOj 13.57 14.30 14.67 14.91 14.26 17.65 17.38 15.95 16.35 16.46 13.61 16.86
FeO, 9.53 8.87 8.48 8.17 9.14 8.35 7.32 6.09 4.81 4.74 12.12 6.59
MnO 0.14 0.21 0.26 0.27 0.18 0.20 0.18 0.12 0.08 0.07 0.17 0.09
MgO 7.61 6.53 9.88 7.97 4.73 4.11 4.07 3.38 3.70 3.69 7.08 1.49
CaO 11.65 9.73 9.59 8.24 11.50 6.46 2.99 7.06 6.62 6.33 11.15 4.91
Na20 3.54 2.52 2.84 2.49 2.09 2.82 3.12 2.86 3.48 3.35 2.36 4.28
k2o 2.60 4.62 0.29 0.46 0.73 1.54 2.92 2.04 1.33 0.84 0.51 2.78
PjOj 0.27 0.28 0.07 0.09 0.12 0.16 0.11 0.14 0.13 0.19 0.28 0.48
V n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d 255 106
Cr 469 47.1 n/d n/d n/d n/d n/d 13.8 102.4 63.9 281 9
Ni 51.5 21.5 106.9 46.5 20.7 10.8 7.4 bdi 42.7 bdl 111 16
Cu 95 104.1 138.5 144.9 32 83.9 75.6 74.3 61.1 6.9 130 59
Zn 56.1 40.3 146.8 165.5 84.4 97.4 51.4 55.1 53.8 33.7 98.5 91
Rb 30.4 91.4 3.5 8.9 1.5 28.9 51.9 47.8 27.1 13.5 10.3 67.8
Sr 385 789 180 211 335 389 305 315 517 485 376 634
Y 14.8 13.2 8.1 10.8 13.2 19.7 15.8 16.9 9.2 8.6 22.7 19.4
Zr 42.3 58.3 19.9 30.2 32 104.2 116 88.8 95.6 88.9 148.3 222
Nb 1.75 2.4 0.98 1.51 1.2 2.63 2.69 3.52 3.71 3.54 16.3 13.7
Ba 158 332 259 152 16.3 149 470 209 200 167 127 1226
Hf 1.33 1.84 0.75 1.02 1.06 3.33 4.05 2.35 2.54 3.02 4.07 5.3
Ta 0,88 0.65 0.78 0.4 0.59 0.45 0.39 0.75 1.34 1.74 1.28 0.9
Th 3.01 3.77 0.37 0.58 0.70 2.53 2.61 5.03 2.91 2.37 1.07 6.6
U 1.06 1.10 0.22 0.21 0.31 0.84 0.69 1.13 0.88 0.64 0.41 1.97
La 8.80 7.95 8.72 4.17 5.68 18.18 10.96 11.40 6.68 5.14 15.40 36.63
Ce 25.63 24.47 5.68 8.98 13.04 27.08 23.11 29.43 25.27 22.93 . 35,60 68.80
Pr 3.27 2.90 0.78 1.22 1.75 3.48 3.23 4.06 3.11 2.66 5.08 7.87
Nd 15.73 12.77 4.25 6.26 9.38 15.80 13.17 12.60 11.00 10.82 22.7 31.97
Sm 3.53 3.05 1.02 1.74 2.39 3.41 3.12 3.08 2.34 2.39 5.80 5.71
Eu 1.13 0.92 0.50 0.47 0.71 1.15 1.43 1.15 0.83 0.65 2.10 1.59
Gd 3.99 3.06 1.27 1.58 2.21 3.22 4.52 3.27 ' 2.70 1.93 6.25 5.43
Tb 0.37 0.40 0.22 0.26 0.44 0.54 0.54 0.40 0,21 0.20 0.87 0.74
Dy 2.89 2.66 1.84 2.14 2.67 3.61 3.12 3.29 2.10 1.48 5.34 3.60
Ho 0.55 0.54 0.43 0.48 0.61 0.83 0.82 0.69 0.39 0.33 0.98 0.70
Er 1.69 1.79 1.12 1.36 1.58 2.35 1.90 1.53 0.78 0.94 2.60 1.87
Tm 0.20 0.22 0.22 0.18 0.28 0.36 0.23 0.27 0.16 0.13 0.35 0.30
Yb 1.65 1.69 1.08 1.49 1.63 2.91 2.27 1.81 1.04 0.67 1.98 1.68
Lu 0.21 0.25 0.19 0.23 0.24 0.39 0.34 0.22 0.15 0.09 0.27 0.27
Mg# 0.76 0.74 0.82 0.79 0.67 0.66 0.69 0.50 0.58 0.58
Ce/Ybn 4.01 3.75 1.36 1.56 2.07 2.41 2.63 4.20 6.31 8.82
Eu/Eu* 0.92 0.92 1.34 0.87 0.94 1.06 1.16 1.11 1.01 0.93

Sample locations are shown in Fig. 4. Eu/Eu*=EuN/V[(Sm)N (Gd)N]; Mg#=100[Mg2+/(MgI++Fe2+)].

filaments, respectively, using a Finnegan MAT 262 
multicollector mass spectrometer. Nd was run as the 
metal species on triple Ta-Re-Ta filament assemblies 
using a VG354 multicollector mass spectrometer. 
Blanks for Sr, Nd and Pb were less than 400 pg, 
250 pg and 150 pg respectively. Reference standards 
throughout the course of analysis averaged values of 
*7Sr/86Sr=0.710243±7 (Itr), n=10, for the NBS 987 
standard, and l43Nd/l44Nd=0.511887±21 (2<y), «=7, 
for the La Jolla standard. 87Sr/86Sr was normalised

during run time to the accepted value of the international 
standard NBS987=0.71024; 143Nd/,44Nd was normal
ised to the accepted international La Jolla stan- 
dard=0.51186. Measured values for the NBS981 
standard were 206Pb/204Pb= 16.906±6, 207Pb/ 
204Pb= 15.447±6 and 208 Pb /204Pb=36.553± 18, 
«=20, and data were corrected to this standard.

Loss on ignition (LOI) was not part of the fusion 
process, so assessment was also made of the effects of 
alteration on samples by thin section analysis. Tables 1-4
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Fig. 5. (a) Deformed, pillowed lavas of the Kamila Amphibolite at Chuprial. Swat; (b) screen of deformed, pillowed, lavas of the Kamila Amphibolite 
enclosed in rocks of the Kohistan Batholith. Asrit, Swat; (c) deformed, pillowed lavas of the Kamila Amphibolite, Dir; (d) deformed pillowed lavas of 
the Gashu Confluence Formation, Jaglot Group, Thelichi.

list analyses of representative samples and international 
reference standards. Data for the reference materials fall 
within acceptable limits of less than 5% of published 
values for major elements, and less than 15% for trace 
elements. Each dataset was analysed statistically by

variance to test the null hypothesis that the means of the 
compared data were equal. Any samples which failed this 
test were rejected. All of the volcanic rocks that predated 
suturing to Asia have been metamorphosed to greenschist 
to amphibolite facies, but show little post-metamorphic

TT"|' I I I

I I I I 1 1 I I

Kamila Amphibolites 
■ ‘D-type’ 
a ‘E-type'

Jaglot Group 
n Gashu Confluence 

Volcanic Formation
♦ Peshmal Formation

ChaH Volcanic Group 
e Hunza Formation 
0 Ghizar Formation

Fig. 6. Plot of FeO*/MgO against Si02 wt.% showing the tholeiitic and calc-alkaline associations of the rocks of the juvenile Kohistan arc (after 
Miyashiro, 1974).
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hydration. However, because the LIL elements are highly 
mobile, emphasis in this study is placed on water- 
immobile HFSE, and the rare earth elements in particular, 
which have similar chemical and physical properties to 
each other.

3.1. Kamila Amphibolites

The Kamila Amphibolites crop out in the Swat 
valley, to the south of the Chilas Complex in the Swat 
and Indus Valleys and to both north and south of the

Sr K Rb Bt Th Ta Nb C« P ZrHf SmTl Y Yb

Sr K Rb Be Th Ta Nb Ce P ZrHf SmTi Y Yb

Chilas Complex in the Dir Valley (Figs. 1-3). Within, 
and to the east of, the Indus Valley the state of 
deformation is such that no primary features are 
preserved (Treloar et al., 1990). Pillow lavas are 
preserved to the west of the Indus Valley, in the Swat 
and Dir Valleys. The pillows have fine-grained rims, 
which represent metamorphosed chilled margins, and 
are 20-30 cm in length, decreasing in size toward the 
south of the outcrop (Fig. 5a). Deformed tonalites of the 
Stage 1 Kohistan Batholith at Asrit (Fig. 2) enclose 
screens of pillowed metavolcanic rocks of the Kamila

La Ce Pr NdSmEuGdTb DyHoEr Tm Yb Ui

LaCePrNdSmEuGdTbDyHoErTmYbLu

Kamla AmpNboiltes Jaglot Group Chalt Volcanic Group
■ D-type Gashu Confluence 

Volcanic Formation
0 Ghizar Formation

a -E-type Hunza Formation
♦ Peshmal Formation e low-Mg 6 high-Mg a intermediate

Fig. 7. Multi-element and rare earth element diagrams, comparing mean values of the metavolcanic basic rocks of: (a, b) the Kamila Amphibolites 
CE-type’, n = 5; ‘D-type’. n= 11, Jaglot Group (Gashu Confluence Volcanic Formation, «=2, Peshmal Formation, /i=7); and (c, d) Chalt Volcanic 
Group (Ghizar Formation. n=4: Fiunza Formation, low-Mg, n=4, high-Mg. «=7, intermediate, n=4).
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Amphibolite sequence (Fig. 5b). These xenoliths are 
deformed, fine-grained, layered epiclastic tuffs which 
are rich in hornblende. In the southern part of the Dir 
section near Timagora (Fig. 3), the Kamila Amphibo
lites are intruded by gabbro-norites of the Chilas 
Complex and by granodiorite sheets of the Kohistan 
Batholith. As in Swat, the volcanic rocks are extensively 
pillowed (Fig. 5c), but here they are flattened and 
elongated due to deformation.

Khan et al. (1993) divided the Kamila Amphibolites 
into two suites based on their geochemistry. One group 
(the high-Ti or ‘E-type’ series) is enriched in Ti02 
(1.69-2.24%), high field strength elements (HFSE), and 
heavy rare earth elements (HREE). The other group (the 
low-Ti or ‘D-type’ series) is relatively depleted in Ti02 
(0.57-1.36%), HFSE, and HREE. Treloar et al. (1996) 
noted that the ‘E-type’ series has geochemical similar
ities with the Ontong-Java plateau, in particular the flat 
REE and HFSE patterns and the lack of Ta-Nb negative 
anomalies. They thus interpreted it as the intraoceanic 
crust on which the arc was built. The ‘D-type’ series has 
a distinct negative Nb anomaly and the geochemical 
characteristics of a subduction-related arc, and thus 
contains the earliest arc-related rocks of Kohistan. In 
accordance with Khan et al. (1993), the enriched group 
is referred to here as the ‘E-type’ group, and the depleted 
group as ‘D-type’.

Analytical data for the Kamila Amphibolites are 
listed in Table 1. For those samples prefixed with ‘A’, 
the major element, Pb and isotope data are taken from 
Khan et al. (1997). The high-Ti, ‘E’-type, samples are all 
tholeiitic. The ‘D’-type samples span the tholeiitic/calc-

alkaline divide on a plot of Si02 vs. FeO*/MgO (Fig. 6). 
Two samples have high Mg# (DR16 = 0.73; SW2 = 0.4). 
Two fine-grained, foliated and homogeneous samples 
collected from the Niat valley in E. Kohistan (002 and 
001) are analysed here. The rocks have Ti02 contents of 
2.19% and 2.20% and compare well with the high-Ti ‘E- 
type’ group of Khan et al. (1993). The ‘E-type’ rocks 
(Fig. 7a) display variable light ion lithophile element 
(LILE) concentrations, although the normalised (Nb/ 
Yb)N HFSE ratios are close to 1. There are no negative 
Nb anomalies. The REE pattern for the ‘E-type’ samples 
(Fig. 7b) is flat. Mean (Ce/Yb^ ratios are 1.1. Element 
concentrations are 20-30 times chondritic values. The 
multi-element pattern for the ‘D-type’ rocks (Fig. 7a) 
shows a distinct negative Nb anomaly, and a greater 
enrichment in the LILE than is shown by the ‘E-type’ 
rocks. The rare earth element diagram (Fig. 7b) shows 
element concentrations of about 10 times chondrite 
values. There is some slight enrichment in the LREE, 
with (Ce/Yb)N ratios averaging 1.8 and Eu anomalies 
averaging 1.0. 87Sr/86Sr (0.70446) and ,43Nd/,44Nd 
(0.51274; eNdi20=2.19) ratios are in the range reported 
by Khan et al. (1997) and Bignold and Treloar (2003).

The trace element patterns for the ‘D-type’ and ‘E- 
type’ Kamila Amphibolites are significantly different 
(Fig. 7a). The ‘E-type’ pattern is only slightly enriched 
relative to MORB and has no negative Nb anomaly. 
Conversely, the ‘D-type’ pattern is enriched in the 
LILE relative to MORB and has a clear negative 
Nb anomaly. These differences are reflected in the 
REE patterns (Fig. 7b) where the ‘E-type’ Kamila 
Amphibolites have a flat pattern and an enrichment of

I ! I I I I I I | 1 I I I 1 I I I I | I I

field of High-Mg boninites ■ 
(Crawford ef a/. 1989) ■

field of High-Ca boninites' 
^Crawford et al. 1989)'

■ ■ « I ■ ■ ■ i i x 1 t 1 I 1 I

Fig. 8. Plots of (a) Mg# and (b) CaO vs. SiOz for samples from the Chalt Volcanic Group Hunza Formation.
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about 20 times chondrite values, although with slight 
depletions in the LREE and in Lu relative to the other 
REE. The ‘D-type’ Kamila Amphibolites are enriched 
by about 10 times chondrite values with a slight 
enrichment in the LREE relative to the HREE. Lu is 
also slightly enriched relative to Yb.

3.2. Jaglot Group

The Jaglot Group comprises sequences of basalts and 
andesites, interbedded with sedimentary rocks, with 
variable volcaniclastic contents. All have been meta
morphosed to greenschist or lower amphibolite facies.

3.2.1. Gashu Confluence Volcanic Formation
The Jaglot Group in the Indus Valley is subdivided 

into three formations Khan et al. (1994). The Gilgit 
Formation comprises mainly paragneisses and schists of 
sedimentary origin, and has a transitional contact with 
the overlying Gashu Confluence Volcanic Formation 
(Khan et al., 1994, 1996). The Gashu Confluence 
Volcanic Formation is a suite of north-dipping, flattened 
and sheared, pillowed, lavas, mafic sills and tuffs, which 
crop out to the north of Thelichi (Fig. 1). The pillows are 
set in a fine-grained, finely laminated matrix and are 
more abundant toward the southern end of the outcrop 
(Fig. 5d). They are variably coloured, ranging from dark

t—i i i \—i i i i—i—r
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Kamila Amphibolites Jaglot Group
■ TMypa' _ Gashu Confluence

° Volcanic Formation
a E-type* Chad Volcanic Group 

• Hunza Formation

87sr/e6Sr

Fig. 9. Plots of (a) eNd^ (b) ‘’Sr/^Sr vs. Ce/Yb and (c) ,43Nd/1,44Nd vs. 87Sr/*6Sr for selected igneous rocks of the Kohistan island arc. IOS = Indian 
Ocean sediments, lOM = Indian Ocean mantle. DMM=depleted MORB mantle Calculations of eNd^o are in accordance with Khan et al. (1997). 
Outlying samples are interpreted as containing an enhanced contribution from a sedimentary source (Bignold and Treloar, 2003).
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green to cream. Their thickness varies between 4 and 
40 cm. The sills have experienced intense stretching and 
thinning, and are boudinaged giving the appearance of 
being pillowed, but the glassy chilled rims typical of 
pillows are not present. The tuffs contain deformed air 
fall lapilli. Hornblende garbenschieffer crystals over
print the fabric and may postdate defonnation.

Near Thelichi the Jaglot Formation rocks are folded 
by the large amplitude Jaglot synform (Coward et ah, 
1987). Within tire synform, the Gashu Confluence 
Volcanic Formation passes upward into a sequence of 
slates and sandstones overlain by marbles interbedded 
with mafrc tuffs and sills, in turn overlain by slates and 
sandstones. These rocks, which occupy the core of the 
Jaglot syncline, are part of the Thelichi Formation, the 
uppermost unit of the Jaglot Group.

Basalts and andesites of the Gashu Confluence 
Volcanic Formation have Mg# ranging between 0.39 
and 0.64, and >6.0 wt.% MgO (Fig. 6a). The basalts 
have >1.0 wt.% Ti02, and low Cr and Ni contents 
(Table 2). On a multi-element diagram, the Gashu 
Confluence Volcanic Fonnation rocks have a clear 
subduction-related chemical signature, the HFSE being 
slightly depleted relative to MORE, but with similar 
values to the Kamila Amphibolites (Fig. 7a). The rare 
earth element pattern has a similar slope to that of the 
‘D-type’ Kamila Amphibolites with a mean (Ce/Yb)N 
ratio of 1.9, and is slightly more enriched in the LREE 
relative to the chondrite standard (Fig. 7b). 87 Sr/86 Sr 
ratios range between 0.70323 and 0.70791, and 143Nd/ 
l44Nd ratios between 0.51230 and 0,51297 (eNd^o: - 
6.93 to 6.44) (Bignold and Treloar, 2003).

3,2,2. Peshmal Formation
hr the Dir District, the N-dipping rocks of tire Kamila 

Amphibolite Belt pass upward into the Peshmal Forma
tion. A traverse along the Karandokai Khwar, a tributary 
flowing eastward into the Swat River south of Kalam (Fig. 
2), provides the type section through the Peshmal 
Formation. The rocks, which dip gently to the northwest, 
are mostly layered biotite psammites and pelites, some 
garnet-bearing, and resemble the layered Gilgit Para- 
gneisses which crop out in tire east of the arc. They contain 
variable amounts of hornblende. Finely bedded layers are 
often crenulated, sheared and intensely folded. Thin calc- 
silicate bands and lenses are also present. Interbedded 
volcanic horizons are generally mafic. They are thin, 
mostly <4 cm, often boudinaged, and contain abundant 
garnet and hornblende. There is a higher proportion of 
metasedimentary rocks to metavolcanic rocks than in the 
Indus Valley. The basalts of the Peshmal Fonnation are 
tholeiitic and calc-alkaline in type (Fig. 6a). On a multi

element diagram, the HFSE are slightly depleted with 
respect to MORB and enriched in tire TILE. The slightly 
irregular' pattern shown by the LILE may reflect element 
mobility during either or both, of metamorphism and 
subsequent hydration. The rocks have low Ti02 contents 
(Table 2) and pronounced negative Nb anomalies (Fig. 
7a). The rare earth element patterns (Fig. 7b) show a slight 
enrichment in LREE relative to HREE, with mean (Ce/ 
Yb)N ratios of 2.3 in Swat and 2.0 in Dir. There are small 
negative Eu anomalies in tire rocks, those from Swat 
averaging 0.7 and those from Dir, 0.9. Both the HFSE and 
REE patterns are similar to those of the ‘D-type’ Kamila 
Amphibolites, but are slightly more depleted than those of 
tire Gashu Confluence Volcanic Formation.

Although the mean data show similar trends on 
multi-element and REE plots, basaltic samples from the 
GCV of tire Jaglot Group are chemically distinct from 
those of the Peshmal Formation with which they are 
correlated, with only sample (TL5) being similar. The 
Peshmal Formation, which crops out between 200 and 
300 km to the west of the GCV, has been metamor
phosed to greenschist rather than amphibolite facies, and 
shows more post-metamorphic alteration, and this might 
explain the differences in the LILE. The LREE/HREE 
ratios (Ce/Yb)N are greater in the Peshmal Formation 
than the Gashu Confluence Volcanic Formation. The 
latter also shows depletion in normalised Lu, not seen in 
tire Peshmal Formation. The LREE of the Peshmal 
Formation is enriched, and tire HREE depleted, relative 
to the ‘D-type Kamila Amphibolites.

3.3, Chalt Volcanic Group

The Chalt Volcanic Group (CVG) overlies the Jaglot 
Group to the south and is overlain by tire Yasin Group to 
the north. Where tire Yasin Group is absent, the CVG 
lies in direct contact with the Shyok Suture Zone. The 
CVG is divided into two Formations on the basis of 
chemical and lithological variations (Petterson et al., 
1990; Petterson and Windley, 1991; Petterson and 
Treloar, 2004). The Hunza Formation crops out in the 
east and the Ghizar Formation in the west.

3.3.1, Hunza Formation
The type section of the Hunza Formation is 

exposed along tire Karakoram Highway in the Hunza 
Valley, where it passes upward into the Yasin Group 
(Figs. 1, 4). This section has been described in detail 
by Robertson and Collins (2002) and Petterson and 
Treloar (2004). The volcanic rocks comprise massive 
flows, some pillowed, epiclastic tuffs and ignimbritic 
flows. Although most of the rocks have a steep
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southward dip, there is evidence, from inverted slump 
structures and grain sizes fining downward in 
tuffaccous material, that the sequence is overturned, 
and that the rocks young northward. Rare felsic rocks 
contain randomly orientated hornblende needles. The 
Hunza Formation is intruded, along its southern 
margin, by rocks of the Kohistan Batholith.

Rocks of the Hunza Formation are mainly calc- 
alkaline in nature (Petterson and Windley, 1991; Table 
3; Fig. 6). They show a range in Mg contents from high- 
Mg (9--15 wt.%) basalts and andesites to low-Mg 
basalts, andesites and minor rhyolites. The major 
element chemistry of these rocks has been described 
by Petterson and Windley (1991), and only the trace 
element chemistry is described here. Petterson and 
Windley (1991) grouped the basic and intermediate 
rocks into a low-silica type, which also has low Mg 
content (<9% MgO, Mg# 0.51-0.59, here called the 
low-Mg type), and a high-Mg type. High-Mg interme
diate rocks with SiC>2 contents of 52-61% also have 
>11% MgO, Mg# 0.69-0.76 (Fig. 8a). The multi
element patterns (Fig. 7c) show that both groups have 
negative Nb anomalies and have HFSE values strongly 
depleted with respect to MORE. These anomalies are 
masked by the low Ce concentrations typical of these 
rocks. The rare earth element patterns for all the basic 
and intermediate samples (Fig. 7d) show an unusual 
positive slope, which is most pronounced in the most 
basic rocks. The depletion in the LREE relative to the 
HREE indicates depletion in clinopyroxene and ortho- 
pyroxene in the source region. Mean (CeATj^ ratios for 
the high-Mg suite are 0.3, and Eu anomalies are 
negligible. The REE patterns for the low-Mg group 
(Fig. 7d) vary from positive slopes to flat, with mean 
(Ce/YbjN ratios of 0.7.

The intermediate rocks which are not included in the 
high-Mg group show patterns similar to, but slightly 
more enriched than, those of the high-Mg group in the 
multi-element diagram (Fig. 7c). The rare earth element 
pattern is similar to that of the low-Mg group, both being 
slightly enriched in the LREE in comparison with the 
high-Mg group. The mean (Ce/Yb)N ratio is 0.4, and 
mean Eu anomaly is 1.3.

87Sr/*6Sr ratios range between 0.70514 and 0.70559, 
and ,43Nd/,44Nd ratios range between 0.51296 and 
0.51301 (Bignold and Treloar, 2003). All are in the 
range reported by Khan et al. (1997).

Some of the rocks of the Hunza Formation high-Mg 
group were identified by Petterson et al. (1990) and 
Petterson and Windley (1991) as having the general 
geochemical characteristics of boninites as defined by 
Cameron et al. (1979) and Gill (1981). Si02 content of

the rocks is 51—56 wt.%, MgO >6 wt.% (Mg# 0.51— 
0.76), Cr>500 ppm, Ni>100 ppm, low Ti02 (<0.4- 
0.5 wt.%), with low concentrations of P, Zr and REE. Of 
the seventeen rocks analysed by Petterson and Windley 
(1991), eight satisfied these criteria. On the basis that the 
samples contain 10-12.5% CaO (Fig. 8), Khan et al. 
(1997) further described them as high-Ca boninites, 
generally considered to occur in fore-arc regions (e.g., 
Crawford et al., 1989; Bloomer et al., 1995). However, a 
description as high-Mg rocks with boninitic affinities is 
preferred here since, although these rocks clearly have 
some of the chemical pre-requisites for boninites, not all 
the requirements are fulfilled.

3.3.2. Ghizar Formation
The field relationships of the rocks of the Ghizar 

Formation are fully described by Petterson and Treloar 
(2004). Basalts and andesites are tholeiitic to calc- 
alkaline, the majority being calc-alkaline (Fig. 6a). Mg 
numbers range between 0.49 and 0.7 (Table 4). The 
multi-element pattern (Fig. 7c) shows a negative Nb 
anomaly, consistent with island arc volcanic rock and 
the HFSE show a restricted range of concentrations 
between typical tholeiitic and primitive MORB (Pearce, 
1983). This pattern is similar to those of the ‘D-type’ 
Kamila Amphibolites and the Jaglot Group (Fig. 7a). 
The rare earth element pattern for the Ghizar Formation 
(Fig. 7d) is more enriched in the LREE than those of the 
‘D-type’ Kamila Amphibolites and the Jaglot Group, 
with a mean (Ce/Yb)N ratio of 2.92.

The geochemistry of the Hunza Formation clearly 
defines it as a different group from the Ghizar Formation 
and confirms the division of the Chalt Volcanic Group 
into two. The multi-element and REE patterns from the 
Ghizar Formation are within the range of the ‘D-type’ 
Kamila Amphibolites and the Jaglot Group (Fig. 7a, c), 
which have typical arc-related signatures. The HFSE of 
the Hunza Formation plot below the level of primitive 
MORB (Pearce, 1983) (Fig. 7c), the REE patterns show 
depletion in the LREE compared with enrichment in the 
Ghizar Formation (Fig. 7d), and are depleted in the 
HREE relative to the ‘D-type’ Kamila Amphibolites, the 
Jaglot Group and the Ghizar Formation.

3.4. Summary of the geochemical variations in the 
volcanic rocks of the Kohistan island arc

Geochemical and isotopic data from Tables 1-4, Figs. 
7 and 9 clearly define three different magmatic succes
sions within the juvenile arc. The chemically distinctive 
‘E-type’ Kamila Amphibolites form one succession. 
These are enriched in the HFSE and REE represent pre-
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subduction ocean floor basalts. The ‘D-type’ Kamila 
Amphibolites, the Jaglot Group and the Ghizar Formation 
of the Chalt Volcanic Group form the second succession. 
These are all chemically similar in their HFSE and REE 
patterns, and show a clear arc volcanic signature (c.fl, 
Pearce, 1983). The Hunza Formation of the Chalt 
Volcanic Group, with its high-Mg basalts and andesites, 
clearly represents a different magmatic source from the 
main arc volcanic rocks. High-Mg basalts and andesites 
are commonly found in fore-arc settings and are 
increasingly being reported from back-arc regions 
(Falloon et al., 1992; Meffre et al., 1996). The Hunza 
Formation is the youngest succession of the Kohistan arc, 
and lies at the same stratigraphic level as the Ghizar 
Formation. With its depletion in tire HFSE and the LREE, 
its weak arc signature and high-Mg rocks which require a 
source with high heat flow, this succession represents the 
formation of a back-arc spreading centre (Bignold and 
Treloar, 2003).

4. Rare earth element modelling of rocks of the 
juvenile arc

The rare earth elements have similar chemical and 
physical properties but, because of small differences in 
ionic radius, they may become fractionated relative to 
each other. As a result, they are particularly useful for 
modelling mantle melting in order to try to identify 
appropriate mantle sources for the rock suites and the 
types and amounts of partial melting that may have been 
involved.

Rare earth element modelling in this study was 
carried out using computer software ‘DW’, developed 
by David Woodhead of Liverpool University, and was 
based on equations for batch and fractional partial

melting (Wood and Fraser, 1986). Modelling takes tire 
REE composition of a source region and calculates the 
REE composition of rocks resulting from varying 
percentages of partial melting. This process takes into 
account the mineralogy of tire source, the percentage 
of each of the minerals that enter the melt and their 
partition coefficients. This may be taken a step further 
by comparing results with known compositions of 
rock suites. In this way a source region for these rocks 
may be identified when calculated REE concentrations 
of a melt, at a given percentage of partial melting, 
replicate or fall close to these known values. The 
partition coefficients used in this study are listed in 
Table 5.

The Kohistan rocks have been metamorphosed to 
greenschist and amphibolite facies, and their initial 
igneous mineralogy is therefore unknown. The samples 
from the Dir region in particular have been hydrated 
after metamorphism and only tire least altered have 
been used in this study. The only known factor is the 
end product — voluminous basalts that we infer, on the 
basis of the isotope data, have little crustal contamina
tion and no evidence for significant fractionation in a 
sub-surface magma chamber. Therefore, the modelling 
ignores the potential effects of fractionation and 
considers solely batch/equilibrium melting of a mantle 
source. The similarity of the trace element patterns and 
REE curves (Fig. 7) shows element mobility in tire LIL 
elements but not in tire high field strength elements or 
the REE. Therefore, although the initial mineralogy of 
the rocks is unknown, during metamorphism the REE 
chemistry of rocks remains essentially the same.

Certain assumptions have had to be made in order to 
model mantle sources for the Kohistan rocks. REE 
analyses have been taken from the literature in order to

Table 5
Partition coefficients used in rare earth element modelling (Hanson, 1980) B/A=basaltic andesite

Hornblende Clinopyroxene
(B/A) (mantle)

Orthopyroxene
(mantle)

Olivine
(mantle)

Garnet
(mantle)

Spinel
(mantle)

Plagiociase
(B/A)

Plagiociase
(mantle)

La 0.06 0.054 0.002 0.0004 0.01 0.01 0.02 0.27
Ce 0.09 0.098 0.003 0.0005 0.021 0.01 0.02 0.20
Pr 0.15 0.005 0.0008 0.054 0.17
Nd 0.16 0.21 0.0068 0.001 0.087 0.01 0.02 0.14
Sm 0.24 0.26 0.01 0.0013 0.217 0.01 0.02 0.11
Eu 0.26 0.31 0.013 0.0016 0.32 0.01 2.10 0.73
Gd 1.10 0.30 0.016 0.0015 0.498 0.01 0.02 0.066
Tb 1.10 0.31 0.019 0.0015 0.75 0.01 0.02 0.06
Dy 1.00 0.33 0.022 0.0017 1.06 0.01 0.01 0.055
Ho 0.31 0.026 0.0016 1.53 0.048
Er 1.00 0.30 0.03 0,0015 2.00 0.01 0.01 0.041
Tm 0.29 0.04 0.0015 3.00 0.01 0.036
Yb 1,00 0.28 0.049 0.0015 4.03 0.01 0.006 0.031
Lu 0.82 0.10 0.06 0.002 5.50 0.01 0.006 0.025
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model potential mantle sources. Selection of an 
appropriate mantle source, mineralogy and chemistry is 
not easy. The modelling process is extremely sensitive, 
so that unrealistic estimates of chemistry and mineralogy 
of the source and of melt proportions will produce results 
that do not match the chemistry of the known end 
product. Hence, given the end products, it is possible to 
exclude a number of sources as, regardless of source 
mineralogy and melt proportion, they never produce a 
melt chemistry similar to that of the real rock. There is a 
limited number of REE analyses of mantle rocks, and 
there is no evidence that the present-day Indian Ocean 
mantle is the same as Neotethyan mantle (Mahoney et 
al., 1998). Potential mantle sources tested included 
primitive mantle (McDonough et al., 1992; McDonough 
and Sun, 1995), Cl chondrite, N-MORB, and E-MORB 
(Sun and McDonough, 1989), and estimates were made 
of the mineralogy of these source regions and the extent 
of batch or fractional partial melting of the minerals in 
them. Of these, only the values of McDonough et al. 
(1992) produced melts with chemistries similar to those 
of the Kohistan rocks.

Because this is a modelling exercise, and some rock 
suites contain only a small number of samples, the 
results presented here can be used only as an indicator of 
the source region and of the petrogenetic processes that 
might have taken place in the mantle during extraction 
of the arc magmas. Where similar results were obtained 
for both batch and fractional partial melting, the models 
were analysed statistically for comparison with the 
relevant rock suite, and only the closest fit for each 
model is presented. In the event, only models of batch 
partial melting yielded the best results. All results are 
presented in REE diagrams normalised against chon- 
dritc (Boynton, 1984).

4.1. Kamila Amphibolites

The REE chemistry of the ‘E-type’ and ‘D-type’ 
mafic rocks of the Kamila Amphibolites can both be 
successfully modelled using the primitive mantle con
centrations of McDonough et al. (1992) as a mantle-type 
source. The ‘E-type’ suite can be modelled by 6% batch 
partial melting (Fig. 10a) and, depletion of the source in 
hornblende and the pyroxenes is indicated, although it 
was not possible to obtain a perfect match in the 
modelled pattern, especially in the LREE. Theoretically, 
the presence of garnet in the source should produce 
depletion in Lu. However, modelling the melting of a 
gamet-bearing protolith did not provide a melt of a 
suitable composition. A near-perfect match of the REE 
pattern of the ‘D-type’ suite can be modelled through

15.5% batch partial melting of a primitive mantle source 
that includes spinel (Fig. 10b).

4.2. Jaglot Group

Modelling of the REE chemistry of the Jaglot Group 
strongly suggests that the primitive mantle composition 
of McDonough et al. (1992) was the source, although 
with garnet present. Although the two rock suites of the 
Jaglot Group are separated by 700 km, the modelled 
mineralogy of the source region is constant in olivine 
and garnet content and differs only minimally in 
hornblende and pyroxene content. Batch partial melting 
(7.5%) of this mantle source could produce a melt with 
REE chemistry similar to that of the mafic rocks of the 
Gashu Confluence Volcanic Formation (Fig. 10c), and 
13% batch partial melting a melt with an REE pattern 
similar to that of the mafic rocks of the Peshmal 
Formation (Fig. lOd).

4.3. Chalt Volcanic Group

4.3.1. Ghizar Formation
The Ghizar Formation crops out along the length of 

northern Kohistan to the west of the Hunza Formation. 
Modelling shows that the mafic rocks from the Ghizar 
Formation could have been generated by 4.5% batch 
partial melting of the primitive mantle-type of McDo
nough et al. (1992) (Fig. lOe).

4.3.2. Hunza Formation
In contrast to all the main arc volcanic rocks of 

Kohistan, the mafic rocks of the Hunza Formation are 
significantly depleted in the LREE, with a mean (Ce/ 
Yb^ ratio of 0.3. These rocks require an LREE- 
depleted source. No REE analyses are available for the 
ultramafic rocks of southern Kohistan, and the eastern 
side of Ladakh is thought to be founded on continental 
basement (Rolland et al., 2000). Therefore, analyses 
from the literature of other LREE-depleted rocks were 
used for modelling the Hunza Formation. These 
included dunite from Ladakh (Rolland et al., 2000), 
Alpine spinel Iherzolite (Loubet et al., 1975), N- 
MORB (Sun and McDonough, 1989) and Ronda 
spinel Iherzolite (Frey et al., 1985). From these, 
successful modelling was only possible using the 
depleted spinel Iherzolite REE data of Loubet et al. 
(1975). Fig. lla-c shows that these Mg-rich, LREE- 
depleted basalts must have been have been extracted 
through batch partial melting of a mantle source with 
chemistry close to that of this starting material. REE 
concentrations from this source are only slightly more
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Fig. 10. Mantle melting models for rocks of the Kohistan island arc generated from batch partial melting of a mantle source type similar to calculated 
primitive mantle (McDonough et al., 1992). (a) ‘E-type’ Kamila Amphibolites: REE concentrations of the residue are similar to those of depleted 
spinel Iherzolite xenoliths from the European Alps (Loubet et al., 1975); (b) ‘D-type' Kamila Amphibolites; (c) Jaglet Group, Gashu Confluence 
Volcanic Formation; (d) Jaglot Group, Peshmal Formation; (e) Chalt Volcanic Group, Ghizar Formation. F=melt fraction, mantle.

enriched than those of the mantle residue calculated 
after the extraction of the Kamila Amphibolite ‘E- 
type' suite (Fig. 10a). Further modelling was therefore 
attempted using both sets of REE concentrations as 
potential mantle-type sources (Pig. lld-f). Cumulate 
rocks occur at the southern edge of the Kohistan arc 
as the Jijal, Sapat and Tora Tigga complexes (Fig. 1). 
These may be a small remnant of a much larger mass 
of intrusive cumulates, most of which were removed 
by delamination as a result of density instabilities and 
viscously removed during the duration of arc magma- 
tism (Kelemen et al., 2003). There are no REE 
analyses of these rocks, and it is assumed that they 
would not have been a potential source.

REE modelling using depleted spinel Iherzolite 
(Loubet et al., 1975) shows that it is possible to produce 
a melt through, 15.5% batch partial melting, which has a

close match to the low-Mg rocks (Fig. 11a). The match 
with the high-Mg and intermediate rocks is less 
satisfactory. Here, generation of the high-Mg rocks 
requires 18.5% batch partial melting (Fig. 11b) and 6% 
more clinopyroxene in the melt than does production of 
the low-Mg rocks. 15.2% batch partial melting from the 
same mantle source type to generate a melt similar to the 
intermediate rocks (Fig. 11c) requires a lower horn
blende and pyroxene content, but produces similar 
proportions of minerals in the melt as for the low-Mg 
and high-Mg suites.

Batch partial melting (10%) of the residue similar to 
that remaining after the extraction of ‘E-type' Kamila 
Amphibolites from a primitive mantle source type 
(Pig. 10a) generated basalts which matched closely 
those of the low-Mg suite (Fig. lid). Similarly, 12% 
batch partial melting produced a match close to the
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Fig. 11 Mantle melting models for rocks of the Chalt Volcanic Group, Hunza Formation, generated from (a, b, c) batch partial melting of a mantle 
source type with similar mineralogy and REE concentrations to depleted spinel Iherzolite xenoliths from the European Alps (Loubet et al., 1975) and; 
(d, e. f) from the residue remaining after the extraction of the ‘E-type’ Kamila Amphibolites (Fig. 10a).

REE concentrations of the intermediate rocks (Fig. 
Ilf). Modelling of 15% batch partial melting resulted 
in a less satisfactory match with the high-Mg suite 
(Fig. lOe), but better in the HREE than in Fig. 10b. 
The mineralogy used in all the models was consistent 
with this source being more pyroxene-enriched than 
depleted spinel Iherzolite (Loubet et al., 1975). The 
high-Mg suite is formed of basalts and andesites. 
Andesites form as the result of remelting of under
plated basalts which are contaminated by upper crustal 
material during their passage to the surface (Hickey 
and Frey, 1982; Kempton et al., 1995; Michel et al., 
1999; Riley et al., 2001). Boninites are considered to 
be unusual forms of andesite, as their common 
occurrence in fore-arc settings with high heat flow 
indicates that they must have been generated from 
mantle sources. That the rocks of the Hunza Formation 
can be modelled from remelting of the depleted 
residue of a primitive mantle source would be

consistent with the possibility that high-Mg basalts 
and andesites can be erupted in both fore-arc and back- 
arc settings.

It is clear from the geochemistry and REE modelling 
that the mafic and intermediate rocks of the Chalt 
Volcanic Group were derived from two quite different 
mantle source types. The Ghizar Formation rocks can be 
best modelled from a fertile, primitive, mantle source 
type. Conversely, the Hunza Formation, with its 
characteristic depletion in the LREE, can be modelled 
only from a depleted mantle source. The best match 
comes from partial melting of a source similar to the 
residue of previously extracted ‘E-type’, MORB-like, 
Kamila Amphibolites.

5. Discussion

REE modelling presented here strongly suggests that, 
with the exception of the Hunza Formation, each of the



68 S.M. Bignold el al. / Chemical Geology' 233 (2006) 46-74

Ghizar Formation 
(garnet-bearing primitive 
. mantle, 4.5%) ,

mza Formation (spinen 
bearing depleted 
Iherzolite, 15%) j

TGashu Confluence Volcanic'
-_ I Formation (garnet-bearing

V primitive mantle, 7.5%) .

Peshmal Formation 
(garnet-bearing 
primitive mantle.

'D-type' Kamila Amphibolites 
(spinel-bearing primitive mantle, 
,___ 15.5%) .

'E-type* Kamila 
Amphibolites 

(basement, 6%)^ •^'D-type' Kamila^ 
t Amphibolites

_ (spinel-bearing 
_ — primitive mantle,
____^ —V 15.5%) J

Fig. 12. Simplified geological map of Kohistan summarising the results of rare earth element modelling of the volcanic rocks of the juvenile arc. 
Mantle source type and degrees of partial melting (%) are indicated in brackets.

discrete volcanic sequences within the Kohistan Island 
Arc was derived from melting of a primitive mantle 
source beneath Kohistan. Modelling of the chemical 
data suggests significant variations in both amount and 
depth of melting. The latter is essentially characterised 
by the presence of garnet or spinel in the source. Fig. 12 
shows the geographical distribution of the melt products 
and highlights both the mineralogy of the source and the 
extent of melting of that source. If the Hunza Formation 
is excluded, then it is clear from this figure that the 
amount of partial melting decreases northward and that 
the mineralogy of the source changes northward.

The changes through time in the modelled source 
region result from small, but significant, changes in basalt 
composition during early stages of evolution of the 
juvenile arc. The change from a spinel- to a gamet-bearing 
source documents the progressive descent of the north
ward subducting slab. It also suggests that the melt region 
was located just above the subducting slab. The isotopic 
data suggest that the signature is a function of fluids 
derived from subduction and dehydration of sea-floor 
sediments (Bignold and Treloar, 2003). The reduced 
amount of melting indicated by the modelling may also 
indicate that volatile release was not constant during sub
duction. Volatile release presumably decreases with depth 
as the hydrous phases in the subducting slab break down

at relatively low pressures. The result is that there is a 
greater volatile flux into the spinel-bearing mantle wedge 
than into the deeper gamet-bearing segment of the wedge.

Fig. 13 shows a model for the evolution of the 
volcanic rocks of the juvenile stages of the island arc. 
The model is underpinned by the assumption that 
subduction of Tethyan oceanic crust beneath the arc was 
to the north, as is accepted by most workers in the region 
(see discussion in Bignold and Treloar, 2003). It is 
primarily based on the recognition that three different 
chemical signatures are present within volcanic rocks 
extruded prior to suturing with Asia. Firstly, basaltic 
volcanic rocks of the ‘D-type’ Kamila Amphibolites, the 
Jaglot Group and the Ghizar Formation all have typical 
arc-type signatures, although with subtly different 
chemistries that result from their derivation from 
different source regions. Secondly, the ‘E-type’ Kamila 
Amphibolites have an enriched MORB-type signature. 
Thirdly, basaltic and andesitic volcanic rocks of the 
Hunza Fonnation have a very distinctive chemistry with 
strong depletion in the TREE.

The ‘E-type’ Kamila Amphibolites have REE con
centrations similar to E-MORB with no arc signature. It 
has been demonstrated here that these rocks may have 
been generated in an intraoceanic setting (Fig. 13a) by 
6% partial melting of a primitive mantle-type source
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Kig 13. Schematic diagram showing: (a) emplacement of ‘D-type’ Kamila Amphibolite onto ‘E-type' Kamila Amphibolite (MORB) basement 
following decompression melting at the initiation of subduction; (b) eruption of Jaglot Group and Chalt Volcanic Group, Ghizar Formation, induced 
by dehydration fluids from the subducting sediments during steady-state subduction; and (c) eruption of the Chalt Volcanic Group, Hunza Formation 
in the back-arc through decompression and remelting of the residue from the generation of the ‘E-type’ Kamila Amphibolites following intra-arc

and extension (adapted from McCulloch and Gamble, 1991). C 
wedge. VF=volcanic front. Not to scale.

(Fig. 10a). The remaining residue of this primitive 
mantle source has REE concentrations similar to LREE- 
depleted spinel Iherzolite xenoliths found in the 
European Alps (Loubet et al., 1975). It is possible, if 
unlikely, that MORB could be generated from an LREE- 
depleted Iherzolite mantle source. REE modelling of 
such a source shows that rocks with REE compositions

lines show possible paths of hydrous fluids and melts in the mantle

similar to N-MORB can be produced with only 2% 
batch partial melting (Fig. 14a). However, melting of 
this source could not have generated the ‘E-type’ 
Kamila Amphibolites (Fig. 14b).

The data presented here are consistent with the 
hypothesis that the main arc volcanic rocks of the 
Kohistan arc were erupted above a north-dipping
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subduction zone. On the assumption that spinel 
Iherzolite was present in the mantle wedge between 
about 30 and 80 km depth (10—25 kbar), with garnet 
Iherzolite mantle present at depths >80 km (>25 kbar), 
the implication is that the main arc volcanic rocks of 
Kohistan were generated by partial melting of a fertile 
mantle source (Fig. 13b). The ‘D-type’ mafic rocks of the 
Kamila Amphibolites, the earliest arc volcanic rocks, 
were produced at relatively shallow depths, and the 
mafic rocks of the Jaglot Group and the Ghizar Forma
tion of the Chalt Volcanic Group were generated at 
depths greater than 80 km as a north-dipping subducting 
slab penetrated further into the mantle (Fig. 13b).

Petterson and Treloar (2004) argued, on stratigraphic 
criteria, that the Ghizar and Hunza Fonuations are 
coeval units and that it is likely that they were erupted 
contemporaneously. However, their chemistries are 
significantly different, and REE modelling indicates 
very different source materials for them. The basalts and 
andesites of the Hunza Formation do not fit on the trend 
displayed by the basaltic rocks of the evolving juvenile 
arc, including the Ghizar Formation (Fig. 12). If this is 
so, the Chalt Volcanic Group was formed by two 
different, adjacent, mantle source regions which must 
have been active at the same time.

The Hunza Formation of the Chalt Volcanic Group 
has a MORB-type composition, but also carries a weak 
arc signature. Models of mantle melting (Fig. 11a, b, c) 
show that the mafic rocks of the Hunza Formation must 
have been produced through melting of an LREE-

depleted spinel Iherzolite. A possible source would be 
an Alpine-type LREE-depleted Iherzolite (Loubet et al., 
1975) which has undergone a previous melting event. In 
the specific setting of the Kohistan arc rocks, the source 
could more likely be the residue that remained of the 
primitive mantle-type source from which the ‘E-type' 
Kamila Amphibolites were generated through 6% 
partial melting (Fig. lid, e, f).

A two-stage model is indicated. The ‘E-type’ Kamila 
Amphibolites were generated through partial melting of 
a primitive mantle source (Fig. 10a) in an intraoceanic 
setting (Fig. 14a) and form the basement to the whole 
arc. We suggest that the residue which, after melting, 
would have REE concentrations similar to those of 
Alpine peridotites (Loubet et al., 1975) was subsequent
ly underplated beneath the arc and was later remelted as 
the source for the basalts of the Hunza Formation. This 
is consistent with field data which suggest that the 
Kamila Amphibolites form the basement to the arc and 
that the Hunza Formation with its MORB-like chemistry 
and weak arc signature is the youngest sequence in the 
Kohistan arc (Petterson and Treloar, 2004).

Because high-Mg andesites and boninites are most 
commonly recognised as occurring in the fore-arc, the 
presence of primitive, high-Mg rocks in the Hunza 
Formation led Khan et al. (1997) to propose, while not 
taking account of the high stratigraphic position of these 
rocks, that they represent the fore-arc, and that they were 
emplaced above a south-dipping subduction zone. 
While boninites and high-Mg volcanic rocks are
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known to be erupted in fore-arc settings (e.g., Crawford 
et al., 1989; Bloomer et al., 1995), there is a growing 
body of evidence that shows that they can also be 
erupted in back-arc settings (e.g., Falloon et al., 1992; 
Meffre et al., 1996). The high stratigraphic position of 
the boninites of the Hunza Formation, and their 
restricted spatial range in the north of the Kohistan 
arc, is consistent with them being erupted into an intra- 
or back-arc basin (Clift, 1995; Bedard et al., 1998), and 
with the arc being erected above a north-dipping 
subduction zone.

Here, we argue that the rocks of the Hunza Formation 
were erupted into a back-arc basin. Rifting and opening of 
the back-arc basin occurred shortly before the arc sutured 
to Asia. Initial rifting probably occurred behind the 
volcanic front as a consequence of extension. The first 
magmas to be erupted were low-Si, low-Mg, magmas 
with weak arc signatures. These magmas were derived 
from melting the residue of the primitive mantle source 
from which the ‘E-type’ Kamila Amphibolites had been 
extracted. As rifting progressed, further magmatism 
occurred. These magmas were the high-Mg basalts, 
high-Mg andesites and boninites of the Hunza Formation 
sequence, which also carry only weak arc signatures. We 
note that boninites constitute only a minor part of this 
compositionally variable suite of basalts and andesites. 
The presence of high-Mg basalts and andesites and 
boninitic units in this region indicates that there was a 
localised high mantle heat flow. The source of this 
enhanced heat flow could have been the northward sub
duction of an active spreading centre (Bignold and 
Treloar, 2003). However, it is more likely to have been the 
result of upwelling, hot residual mantle as a result of 
lithospheric extension associated with rifting and opening 
of the back-arc basin. Generation of the high-Mg volcanic 
rocks would thus have been a result of decompression 
melting of this upwelling mantle material. Following the, 
probably, short-lived volcanic activity, an active spread
ing centre began to develop within the rifted basin and 
normal MORB-type volcanism commenced (Fig. 13c), 
the arc signature diminishing with time and distance from 
the trench. That the Hunza Formation carries a weak arc 
signature indicates connection with, but distance from, the 
subduction zone.

On the basis of preliminary geochemical analyses 
Rolland et al. (2002) suggested that basalts from the 
northern margin of the Ladakh arc, to the immediate east 
of the Nanga Parbat syntaxis, have a back-arc signature. 
These basalts are the lateral equivalents of the Hunza 
Formation, and it is thus likely that they help define a 
remnant back-arc basin that extends from Ladakh in the 
east to the present-day Naltar Valley in the west (Figs. 1,

4). This basin was probably restricted along strike length 
and was short-lived, as its evolution was terminated by 
closure of the basin during suturing of the Kohistan arc 
to Asia. The geochemical data presented both here and 
by Rolland et al. (2002) are consistent with evidence, 
from the sedimentary record, for extension and rifting 
that shortly predated collision of Kohistan with Asia 
(Robertson and Collins, 2002).

6. Conclusions

The Kohistan arc offers almost unique access to a 
complete stratigraphic succession of an intraoceanic 
island arc. Geochemistry, isotopic data and REE 
modelling in this study, despite the fact that the rocks 
have been metamorphosed, offer the opportunity to 
identify sources of magma generation beneath the arc 
which may be used as a model for other intraoceanic 
island arc volcanoes. Despite the assumptions that had to 
be made, the results are consistent with models of 
oceanic island arc formation where magma is drawn 
initially from spinel-bearing mantle and, that as an arc 
matures and the subducting slab penetrates deeper into 
the mantle, magma is generated from a gamet-bearing 
source. A two-stage model is also proposed, where a 
mantle source, depleted from a previous melting event, 
may be underplated and later remelted as a consequence 
of arc rifting, and erupted as back-arc magma.
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Abstract

Tonalite-trondhjemite-granodioiite (TTG) magmatism provides a window into the composition of the Barth’s earliest crust, 
and on rates of heat transfer during the Archaean. However, the tectonic setting in which these magmas form, and the physical 
mechanisms by which TTG melt segregates from its partially molten source rock, are poorly understood. Here we present some 
simple models aimed at predicting the compositions of partial melts which segregate from thickened mafic (amphibolitic or 
eclogitic) lower crust. Our results suggest that buoyancy-driven compaction with melt flow along grain edges can yield large 
volumes of segregated TTG melt over geologically realistic timescales (4000 year’s-10 My). Petrologic diversity is predicted 
even from a homogenous protolith: the chemical composition of the segregated melt varies both spatially and temporally, and is 
governed not only by the composition and mineralogy of the source rock, the depth of melting, and tire melting reactions, but 
also by tire physical processes through which the melt migrates and segregates from its partially molten host. This simple model 
represents the first step towards a properly coupled physical and chemical model of TTG formation, which is closely 
consfrained by geochemical, field and laboratory data. Such models will compliment the existing geochemical work and help 
resolve some of the outstanding issues concerning TTG petrogenesis.
© 2004 Published by Elsevier B.V.
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1. Introduction

Recent experimental work has shown that partial 
melting (ca. 5-30%) of hydrous basalt (eclogite) at
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between 2 and 4 GPa can account for the majority of 
major and trace element characteristics of Archaean 
(tonalite-trondhjemite-granodiorite, TTG) suites 
(Rapp et ah, 1999, 2003; Rapp and Shimizu, 2002). 
Previous experimental studies (Rushmer, 1991; Beard 
and Lofgren, 1991; Sen and Dunn, 1994; Wolf and 
Wyllie, 1994; Rapp and Watson, 1995) have shown 
that hydrous basalt is also an important source rock
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for a number of Na-rich Phanerozoic granitoids that 
comprise large Mesozoic Cordilleran plutonic com
plexes in the Western Americas, Antarctica and New 
Zealand (Atherton and Petford, 1993; Tepper et al.} 
1993; Leat et al., 1995; Muir et al., 1998). Critical to 
the origin of these magmas is the tectonic setting in 
which the source material is melted. In their review of 
the global occurrence of Phanerozoic TTG suites, 
Defant and Drummond (1990) concluded that mag
mas whose distinctive geochemical signatures include 
low Y concentrations (<20 ppm), high Sr/Y (>50) 
ratios, and steeply fractionated La/Yb ratios, were 
sourced in eclogite facies rocks in subducting oceanic 
lithosphere (slab melts). High Mg# andesites with 
these characteristics, first described by Kay (1978) 
from the Aleutians, were termed adakites by Drum
mond and Defant (1990) and share many geochemical 
similarities with Archaean TTG’s, thus lending sup
port to the idea that slab melting was instrumental in 
the formation of the earliest continental crust (e.g. 
Martin, 1986, but see also Smithies, 2000).

However, although higher heat flow in the prim
itive earth might act to favour slab melting, physical 
models of the thermal structure of post-Archaean 
subduction zones suggest that extensive magma 
generation in the downgoing slab is likely to be 
difficult or impossible except in very young oceanic 
crust or possibly in slabs with a low subduction angle 
(e.g. Peacock et al., 1994; Kincaid and Sacks, 1997; 
Gutscher et al., 2001). Not all adakites are located 
above subducting slabs with these interpreted charac
teristics (Keleman et ah, 2003). Perhaps more 
significantly, it has been shown that the geochemical 
signatures used as evidence for slab melting are not 
unique to this tectonic setting. Similar major and trace 
element ratios can apparently be achieved from 
melting basaltic material located at the base of the 
continental crust above modem-day arcs, as is the 
case in Pern and elsewhere (e.g. Petford and Atherton, 
1996; Wareham et al, 1997; Garrison and Davidson, 
2003). To explain the non-unique geochemical fea
tures of these rocks, it is common to invoke complex 
physical processes (e.g. Bourdon et al., 2002), yet 
there is scant evidence to suggest that these physical 
processes operate, and if they do, that they have the 
suggested effect on geochemical signatures. More
over, little is known of the key factors controlling their 
length- and timescales. Given that partial melting of

mafic lower crust may produce chemical signatures 
which are effectively indistinguishable from early slab 
melts, it seems unlikely that a geochemistry-led 
approach will resolve the true tectonic setting of 
either Archaean TTG’s or more recent adakite-like 
magmas.

Recently, several articles have attempted to tackle 
the origin of granitic (sensu-lato) magmas using a 
physics-based approach. Petford and Gallagher (2001) 
developed thermal models based on periodic melting 
of mafic lower crust. They demonstrated that the ratio 
of the period of magma intrusion to a characteristic 
timescale for heat loss can be used to assess the 
thermal behaviour of the melting column, and to 
predict simple compositions (expressed through 
changes in REE content) of both partial melt and 
residue for comparison with experimental and field 
data. They assumed no segregation of the melt. 
Jackson and Cheadle (1998) and Jackson et al. 
(2003) developed coupled thermal and mechanical 
models also based on partial melting of mafic lower 
crust, and showed that segregation by buoyancy- 
driven grain boundary flow with compaction results in 
an upwardly migrating porosity wave whose spatial 
distribution depends strongly upon a dimensionless 
‘effective thermal diffusivity’. Important composi
tional changes in the upwelling melt take place as it 
equilibrates thermodynamically with matrix at pro
gressively lower temperatures, so that while the melt 
in the porosity wave can occupy a large volume 
fraction of the source rock, its composition resembles 
only a small degree of melting. This is an important 
finding: granitic (sensu-lato) melt compositions result 
from only small (ca. 5-40%) degrees of partial 
melting of mafic source rock (e.g. Rushmer, 1991; 
Beard and Lofgren, 1991; Sen and Dunn, 1994; Wolf 
and Wyllie, 1994; Rapp and Watson, 1995) yet can 
clearly segregate from their host. The melt accumu
lates over geologically reasonable timescales (in some 
circumstances very rapidly; predicted times for 
segregation vary between 4000 years and 10 My) 
and forms a mobile magma which can be efficiently 
extracted from the source region via dykes.

hi this contribution we expand on these earlier 
results and show how a physics-based approach may 
bring new insight, unobtainable through geochemical- 
only studies, to the problem of TTG formation. We 
begin by demonstrating that simple physical models,
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used in conjunction with the results of appropriate 
melting experiments, predict that a variety of melt 
compositions resembling TTG’s and modem adakites 
can efficiently and rapidly segregate from chemically 
uniform mafic lower crust. Petrologic diversity is 
predicted even from a homogenous protolith: the 
chemical composition of the segregated melt varies 
both spatially and temporally, and is governed not 
only by the composition and mineralogy of the source 
rock, the depth of melting, and the melting reactions, 
but also by the physical processes through which the 
melt migrates and segregates from its partially molten 
host. These in turn depend upon properties such as the 
viscosity of the melt, the buoyancy of the melt, and 
the penneability during melting.

We then turn our attention to the heat source for 
partial melting. Numerous studies have demonstrated 
that mantle-derived basaltic underplating can provide 
both the heat and material to initiate and sustain 
magmatism in the continental crust (e.g. Hodge, 1974; 
Huppert and Sparks, 1988; Bergantz, 1989; Bergantz 
and Dawes, 1994). Given that both the timescale and 
melt fraction play a key role in defining melt 
composition, we examine the sensitivity of melt 
composition to the periodicity of intruding mantle 
underplate, and show how it is possible to predict the 
compositions of static partial melt fractions from 
thermal parameters.

hi the discussion section that follows, we argue that 
a physics-based approach, closely coupled to and 
constrained by gepchemical, field and laboratory data, 
should be adopted to better understand the formation 
of both Archaean TTG’s and more recent adakite-like 
magmas. These physics-based models would compli
ment the existing geochemical models; together they 
may finally resolve the controversy surrounding the 
origin of TTG’s.

2. Segregation of TTG melts in the lower crust

A key problem in understanding the origin of TTG 
magmas is the present state of ignorance concerning 
the physical mechanism by which the melt segregates 
from its source rock. During melting, the solid 
fraction maintains an interconnected matrix until the 
melt volume fraction becomes so high that it 
disaggregates and a mobile magma forms. This

important rheological transition, commonly referred 
to as the Critical Melt Fraction (CMF), was first used 
to describe the melt fraction over which a partially 
molten rock undergoes a rapid decrease in shear 
strength (Arzi, 1978; van der Molen and Paterson, 
1979). We use the CMF to denote the threshold over 
which the dominant rheology of a system, deforming 
at low strain rates, changes from a matrix containing 
interstitial melt, to a dilute suspension (melt with 
isolated crystals). The CMF lies most likely in the 
range 35-50% melt (see Petford, 2003 for a review), 
which is generally higher than TTG partial melt 
fractions in mafic (amphibolitic to eclogitic) source 
rocks (ca. 5-30%; see Rushmer, 1991; Beard and 
Lofgren, 1991; Sen and Dunn, 1994; Wolf and Wyllie, 
1994; Rapp and Watson, 1995; Rapp et al., 1999, 
2003; Rapp and Shimizu, 2002). The melt must 
therefore flow relative to the solid matrix and 
accumulate until it exceeds the CMF and forms a 
magma which can migrate away from the source 
region (e.g. Wickham, 1987; Brown, 1994; Sawyer, 
1994; 1996). The problem is that the physical 
mechanism by which segregation occurs is poorly 
understood.

Melt segregation requires that the partially molten 
rock matrix is permeable, that there is a fluid potential 
gradient to drive melt flow relative to the matrix, and 
that there is space available to accommodate the melt. 
All of the available theoretical and experimental 
evidence suggests that the matrix of most partially 
molten mafic source rocks will be permeable even at 
low (<0.04) porosities (e.g. von Bargen and Waff, 
1986; Cheadle, 1989; Wolf and Wyllie, 1991, 1995; 
Vicenzi et al., 1998; Wark and Watson, 1998; 
Lupulescu and Watson, 1999), and it is difficult to 
envisage how segregation could otherwise occur. 
However, the origin of both the potential gradient 
required to drive flow, and the space to accommodate 
tire melt, is still poorly understood.

Several studies have suggested that if the source 
rock is layered, and the layers have different 
rheological properties, then tectonically driven defor
mation can provide both a potential gradient and 
accommodation space. Because the layers respond 
differently to deformation, potential gradients form 
between them and space is created at dilatant sites 
such as boudins and fractures (e.g. Sawyer, 1994, 
1996; Brown, 1994; Brown et al., 1995; Brown and
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Rushmer, 1997). Other studies have suggested that 
melt migration is driven by buoyancy, either along 
grain boundaries or through a network of fractures 
(e.g. McKenzie, 1985; Wickham, 1987; Petford, 
1995; Petford and Koenders, 1998). If flow occurs 
along grain boundaries, then melt enhanced diflu- 
sional creep processes provide a mechanism for 
changing the morphology of the grains (Pharr and 
Ashby, 1983; Cooper and Kohlstedt, 1984, 1986; 
Karato et al., 1986; Kohlstedt and Chopra, 1994), so 
the partially molten source rock can compact in 
response to melt flow (McKenzie, 1984). Compaction 
provides space for the melt to accumulate in the 
source region.

Most physical models of melt segregation, which 
may be applicable to Archaean TTG and modem 
adakite-like magmas, cannot quantitatively predict the 
time- and length-scales over which segregation occurs 
(e.g. Sawyer, 1994, 1996; Brown, 1994). They also 
fail to describe how the physical process of segrega
tion controls the chemical evolution of the melt. This 
is partly because they assume that the processes of

melt generation and segregation are decoupled (e.g. 
Richter and McKenzie, 1984, Mckenzie 1985; Brown 
et al., 1995). Typically, a pre-existing melt distribution 
is assumed which is spatially uniform, although 
simple thermal arguments suggest that this is unlikely 
to occur in nature. The segregation of this melt is then 
modelled, without reference to further melting or 
chemical interactions. In crustal melting zones, melt 
generation and segregation are complimentary, 
coupled processes which occur simultaneously. Mod
els which capture this may succeed in explaining how 
TTG melt segregation occurs.

2.1. Model formulation

Consider the simplest partial melting situation in 
the lower crust: the intrusion of hot mantle derived 
basaltic magma into thickened, mafic (amphibolitic to 
eclogitic), homogeneous and isotropic lower crust 
(Fig. 1). We assume there are no significant tectonic 
forces and no fractures form during melting; this 
model represents one end-member of a spectrum, at

I Granitic melt/magma 
ascends through fractures/dykes 
to emplacement level

Accumulated ▲ a Magma migrates laterally
TTG magma ---------^ ^--------- towards fractures/dykes

Heat and buoyant melt migrate

Partially molten
host rock

Basaltic sill (magma heat source)

Distance

Top of partial mok zona (position of aotdus isotherm) 
migrates upwards as heat moves upwards from undertying

Melt fraction

Temperature

Temperature and melt fraction

Fig. I. Schematic of a TTG source region in the lower crust, which is produced by heating from below following basaltic underplating. The size 
of the partial melt zone increases with time as heat migrates from the underlying basalt magma into the overlying source rock. The melt 
distribution in the partial melt zone is governed by the relative upwards transport rates of heat and melt; if melt migrates upwards more quickly 
than the top of the source region (defined by the position of the solidus isotherm) then it accumulates at the top of the source region and forms a 
zone of high melt fraction. Eventually, the local melt fraction exceeds the Critical Melt Fraction yielding a mobile magma. As the melt migrates 
upwards its major element composition evolves to resemble a smaller degree of melting of the source rock (TTG for basaltic and meta-basaltic 
(amphibolite and eclogite) protoliths). The accumulated TTG magma may be tapped by dykes and ascend to higher crustal levels. As the source 
region will be laterally extensive this magma migration to a localised ascent zone is likely to be significant.



M.D. Jackson et at. / Lithos 79 (2005) 43-60 47

the other ends of which are models where melt 
segregation is controlled entirely by deformation or 
fractures. More complex models should include these 
where appropriate. Several authors have considered 
how heat will be transferred from the underlying 
magma to the overlying source rock to cause partial 
melting (e.g. Hodge, 1974; Huppert and Sparks, 1988; 
Bergantz, 1989; Bergantz and Dawes, 1994; Annen 
and Sparks, 2002). However, there are few studies that 
attempt to couple the interactions between melting 
and segregation where solid rock (zero melt fraction) 
is the initial condition.

In the model presented here, the source rock is 
initially solid. At time zero, the intrusion of hot 
basalt causes partial melting of the overlying rock. 
This zone of partial melting is the source region; its 
top is defined by the position of the solidus 
isotherm and its base by the contact with the 
underlying magma. As heat is transferred into the 
source region its thickness increases: the position of 
the solidus isotherm migrates upwards away from 
the heat source. The melt is compositionally and 
thermally buoyant, so migrates upwards along grain 
boundaries towards the top of the source region. 
The partially molten source rock compacts in 
response.

As the melt migrates upwards along grain edges, it 
will at least partially thermodynamically equilibrate 
with compacting matrix migrating downwards. In this 
study, we assume that equilibrium is achieved (see 
Appendix A). This has two important consequences: 
(1) tile melt cannot migrate beyond the position of the 
solidus isotherm, which acts like a Tid’ on the top of 
the source region, and (2) the composition of the melt 
continually evolves as it migrates upwards. Because it 
is equilibrating with cooler matrix, its composition 
evolves to approximately correspond to a smaller 
degree of equilibrium melting of the source rock. The 
higher temperature components freeze out of the melt; 
likewise, the lower temperature components melt out 
of the matrix.

■ If the melt migrates upwards more quickly than the 
position of the solidus isotherm (the Tid’) then it must 
accumulate near the top of the source region, where 
the matrix dilates to accormnodate it. If sufficient melt 
accumulates then the melt fraction exceeds the CMF, 
the matrix disaggregates, and a mobile magma forms. 
This magma will initially contain a high proportion of

restite, which may settle out of suspension in the 
source region, or which may be transported with tire 
melt (now termed magma) when it migrates out of the 
source region.

2.2. Evolution of melt composition

Although the source rock is compositionally 
homogenous, the melt composition varies with height 
within the source region in response to the temper
ature gradient: it corresponds to a smaller degree of 
melting at the top than at the base. If the melt 
accumulates near tire top of the source region then its 
composition corresponds to only a small degree of 
melting of the source rock, yet occupies a large 
volume fraction. Because the melt interacts chemi
cally with the matrix through which it is flowing, melt 
volumes and compositions are different from those 
predicted by simple batch or fractional melting 
models (e.g. Rollinson, 1993). If the melt was static, 
then batch melting conditions would apply but 
segregation would not occur; if the flowing melt did 
not interact chemically with the matrix, then fractional 
melting conditions would apply, with individual 
batches of melt collecting at the top of the source 
region.

For a given source rock composition and mineral
ogy, and depth of melting, the melt composition may 
be estunated in terms of the local degree of melting 
using die results of equilibrium melting experiments 
(e.g. Beard and Lofgren, 1991; Rapp and Watson, 
1995; Rapp et al., 1999, 2003; Rapp and Shimizu,
2002) . These experiments have demonstrated that 
dehydration partial melting of meta-basaltic rocks at 
high pressure (i.e. transformed to amphibolite and/or 
eclogite, with garnet as a residual phase), yields small 
melt fractions which are initially trondhjemitic in 
character, and become tonalitic as the degree of 
melting increases (e.g. Fig. 2; see also Fig. 2 in 
Winter, 1996). Both major and trace element signa
tures are consistent with Archaean TTG’s and some 
modem adakites (e.g. Martin, 1999; Rapp et al., 1999,
2003) .

Using this approach, compositional variations 
within the source region are assumed to be controlled 
principally by temperature (and hence degree of 
melting); variations in pressure, bulk composition, 
and other thermodynamic variables are neglected. As
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Fig. 2. Evolution of partial melt composition from trondhjemite to tonalite as the degree of melting increases: (a) Melt composition in terms of 
component oxide mass fractions, as a function of the degree of melting (/) during partial melting of amphibolite at 16 kbar. Data from Rapp and 
Watson (1995); their sample 3. (b) Melt composition in terms of component oxide mass fractions, as a function of the degree of melting (J) 
during partial melting of amphibolite at 6.9 kbar. Data from Beard and Lofgren (1991); their sample 478. In both cases, plain lines plot on the 
left-hand ordinate axis; dashed lines plot on the right-hand ordinate axis, (c) CIPW normative compositions of partial melts shown in (a) and (b), 
using IUGS classification after Streckeisen (1976). (d) CIPW normative compositions of partial melts shown in (a) and (b), using Ab-Or-An 
classification of Barker (1979). In both cases, data from (a) plot as diamonds, data from (b) plot as crosses. Arrows show the direction in which 
the melt composition evolves as the degree of melting increases.

a result, the estimated compositions are not exactly 
correct, most significantly because the local bulk 
composition changes due to the relative movement of 
melt and matrix. This is clearly not an ideal approach 
for predicting melt composition, although it may be 
reasonable for major elements due to their close to 
eutectic behaviour. This assumption will need to be

investigated in future models, which explicitly capture 
chemical processes.

We find that if melt accumulates close to the top 
of the source region where temperatures are low, its 
major element composition approximates that of a 
small degree of melting of the source rock (5-30%), 
yet it occupies a large volume fraction (>40-50%
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melt fraction). On the basis of the melting experi
ments, we can infer that melt which segregates near 
the top of the source region in a meta-basaltic 
protolith melting at depth will have TTG composi
tions (corresponding to 5-30% melting; Fig. 2). 
This magma can migrate away from the source 
region and ascend through the crust to the emplace
ment level, most likely through a localised network 
of dykes (Petford et al., 1993, 1994; Petford, 1996; 
Clemens and Mawer, 1992; Clemens et al., 1997; 
Clemens, 1998) to which the melt can migrate 
laterally (Jackson et al., 2003).

2.3. Length- and time-scales of segregation

In this simple model of a homogenous source 
region, the spatial distribution and composition of 
melt for a given source rock composition and depth of 
melting, depend upon the relative upwind transport 
rates of heat and mass (melt). The equations govern
ing the transport of heat, mass and momentum within 
the deformable, melting matrix have been described in 
detail by Jackson and Cheadle (1998) and Jackson et 
al. (2003) and will not be reproduced here. Their 
analysis suggests that these competing rates are 
described by a dimensionless parameter termed the 
effective thermal diffusivity (Jackson and Cheadle, 
1998; see Table 1 for nomenclature)

^eff —
kxc

pCeff<S2
(1)

where t) and tc are the characteristic compaction 
length- and time-scales of McKenzie (1984)

5 =
(4 + W3)*:

Pm

1/2

(2)

Tc =
(1 “ <P)(Ps “ Pm)g

(3)

and ceff is an effective specific heat capacity which 
incorporates the latent heat of fusion

T'eff ~ cp T" ~ (4)
^ liq — 4 sol

Table 1 
Nomenclature

Symbol Description Units

a matrix grain radius m
b constant in permeability 

relationship
None

Cp specific heat capacity J kg-1 K-1

Ceff effective specific heat capacity J kg-1 K-1
/ equilibrium degree of melting None
s acceleration due to gravity m s-2
k thermal conductivity W K_1 nT*
K characteristic pemreability nr2
^max maximum thickness of basaltic 

undeiplate
m

L latent heat J kg-1
La characteristic length-scale of 

compositional variations
m

m exponent in permeability 
relation

None

n number of intrusions None
t time s
T temperature K
Tsoi solidus temperature K
Tliq liquidus temperature K
z vertical Cartesian coordinate m
<5 characteristic length-scale 

(McKenzie’s compaction 
length)

m

4> melt volume fraction (porosity) None
(p initial degree of melting at the 

contact (z=0)
None

K thermal diffusivity
r eff dimensionless effective thermal 

diffusivity
None

Pm melt shear viscosity Pa s
Ps matrix shear viscosity Pa s
P density kg m~3
P&~Pm matrix-melt density contrast kg m“3

characteristic compaction 
time-scale

s

rti timescale of conductive heat 
loss

s

Tj period of intrusion s
Cs matrix bulk viscosity Pa s
'Ageo dimensionless initial 

temperature gradient
None

The parameter (p is a porosity scaling factor used to 
derive the characteristic permeability K

K = ba2<pm (5)

In most previous segregation models, tire porosity 
scaling factor has been a uniform ‘background’ or 
‘early formed’ porosity upon which solutions are
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superimposed (e.g. Richter and McKenzie, 1984; 
Barcilon and Richter, 1986; Spiegelman, 1993). In 
this model there is no early formed porosity, so the 
scaling factor is the initial degree of melting at the 
contact between source rock and underlying magma 
(q>). This can be quite large (ca. 50%; Jackson et al., 
2003).

The predicted value of jceff for a mafic source rock 
in the lower crust is very uncertain, principally due to 
the uncertainty in physical parameters such as the melt 
shear viscosity (^m), the matrix bulk and shear 
viscosities (cf, ^s), the matrix grain size (a) and the 
constant in the permeability relation (b). The other 
parameters appearing in Eq. (1) are also uncertain but 
much less so than these. Substituting a reasonable 
range of values for each (see Table 2 in Jackson et al., 
2003) into Eq. (1) reveals that varies by over 12 
orders of magnitude, although most values lie 
between lO^1 and 106 (Fig. 3).

Numerical solutions of the governing equations 
demonstrate that at large values of K:cff heat migrates 
upwards more quickly than mass so there is little melt 
segregation. Conversely, at small values of ?ce{T 
melting becomes very small and mass transport is 
inhibited by the generally low melt fractions (Jackson 
and Cheadle, 1998). However, for in the range 
10“2<Kcfl<104, mass transport is rapid compared to 
heat transport, and melt accumulates at or near the top 
of the source region until the matrix disaggregates and 
a mobile magma is formed (Fig. 4).

The composition of this melt, for a given source 
rock composition and depth of melting, can be 
estimated in terms of the local degree of melting. 
We have used the amphibolite shown in Fig. 2a, 
melting at 16 kbar, to generate the curves shown in 
Fig. 4. In Fig. 4a, the degree of melting at the 
location of the high porosity melt wave (vertical 
coordinate ca. 480 m) is /~0,11 (read using the 
temperature curve from the lower axis). The 
composition of this melt is trondhjemitic (Fig. 2a). 
However, in Fig 4c, the local degree of melting at 
the location of the melt wave is /-0.16, and for the 
same source rock and depth of melting, the 
composition of the melt is tonahtic. The segregation 
process yields TTG melt composition.

The timescales over which segregation occurs are 
also uncertain due to the uncertainties in the govern
ing physical parameters. We can estimate the time

scales by choosing a value of predicting the 
dimensionless time required for segregation using 
numerical experiments (e.g. Fig. 4), and then permut
ing the values of the dimensional variables which 
yield this value of fceff. Repeating this process for the 
full range of jceff for which segregation is predicted 
yields an approximately log-normal distribution of 
segregation times, with most lying between 4000 
years and 10 My but with a tail extending up to 50 My 
(Fig. 5). Short segregation times indicate that batches 
of TTG magma may be generated by only a few 
underplating events, so repeated underplating will 
yield numerous individual batches. Longer segrega
tion times indicated that repeated underplating will be 
required to yield a single, large batch of magma. We 
discuss the implications of repeated underplating in a 
later section.

These results suggest that buoyancy-driven com
paction with melt flow along grain edges can yield 
large volumes of segregated TTG melt over geo
logically realistic timescales, although segregation is 
not always predicted to occur. Previous models have 
suggested that compaction operates too slowly in the 
crust to segregate granitic (sensu-lato) melt, because 
they have taken a simple column of rock containing a 
uniform melt fraction and allowed it to compact, 
measuring the time taken for the melt to segregate 
(e.g. McKenzie, 1985; Wickham, 1987). In reality 
both melt fraction and composition evolve in time and 
space. This complexity is not included in most 
physical models and is certainly not included in 
current geochemical models, yet is likely to exert a 
strong control on the composition of the melt which 
leaves the source region.

Just as the uncertainty in the governing physical 
parameters yields uncertainty in the timescales of 
segregation, so it yields uncertainty in the composi
tion of the segregated melt. For a basaltic protolith 
melting in the lower crust, uncertainty in the melt and 
matrix viscosities yields variations in predicted melt 
composition ranging from tonalitic to trondjhemitic 
(Fig. 4). For matrix viscosities of ^s~^s~1015 Pa s and 
melt viscosity of /tm~104 Pa s (values of other 
parameters given in Table 2), the time required for 
melt segregation is ~20,000 years and the composition 
of the segregated melt is trondhjemitic (Fig. 4a). With 
increasing melt and matrix viscosities, the time 
required for melt segregation increases and the
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Fig. 3. (a) Frequency plot of calculated values of effective thermal diffusivity (xcff); (b) frequency plot of calculated values of characteristic 
compaction length (<$); (c) frequency plot of calculated values of characteristic compaction time (tc). Each plot was generated using a Monte- 
Carlo approach involving 10,000 calculations using values of the governing parameters drawn at random from the ranges given in Table 2.

composition of the segregated melt reflects a smaller 
degree of melting of the source rock. For matrix 
viscosities of ^.-/t^lO17 Pa s and melt viscosity of 
/<ni~105 Pa s, the time required for melt segregation is 
-0.88 My, and the composition of the segregated melt

is tonalitic (Fig. 4c). These variations in segregated 
melt composition occur because the melt and matrix 
viscosities control the relative flow of melt and 
matrix, and hence the location and temperature of 
the segregated melt.
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Fig 4 Melt volume fraction (porosity <p) and temperature (7) against vertical distance (z) at the time of incipient magma fonnation, for (a) 
Pa s. Pa s (*,*=35.6); (b) Pa s, /r^lO4 Pa s (*.*=3.56); (c) /t.-C.-lO17 Pa s, /r^lO5 Pa s (*,*=112.44); (d)

/i.-sr-lO1** Pa s, ^n^lO4 Pa s (*,*=0 356). See Table 2 for values of the other governing dimensional variables. Porosity ((f)) is plotted against 
the lower abscissa axis; temperature (7) is plotted against the upper abscissa axis. The curve denoting temperature (T) also denotes the degree of 
melting (/) if read from the lower abscissa axis. The temperature profile in the upper half of the sill only is shown. Source rock composition and 
depth of melting assumed to be identical to the amphibolite shown in Fig. 2a.

Even assuming a given set of governing physical 
parameters, this simple model provides a mechanism 
for generating petrologic diversity in the source 
region. Fig. 6 shows the melt volume fraction and 
temperature as a function of vertical distance in a 
basaltic source rock, after 20,000 and 150,000 years 
have elapsed. The governing variables used to 
produce the curves are given in Table 2. A wave of 
high melt fraction has formed in the source region, the 
vertical position and amplitude of which increase with

time. After 20,000 years, the composition of the melt 
in the wave is tonalitic; after 150,000 years, the 
composition of the melt in the wave has evolved to 
trondhjemitic.

The melt in the leading wave could be extracted 
from the source region via dykes; melt could migrate 
laterally through the wave to a localised ascent region 
and be efficiently tapped (Fig, 1). The first melt 
extracted by this process would be tonalitic; with 
increasing time, the composition of the extracted melt
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Fig. 5. Frequency plot ot segregation time in My. The segregation time is a measure of the time required for a mobile magma to form; it records 
the time at which the local melt fraction exceeds the Critical Melt Fraction. It is predicted from the results of numerical experiments in 
conjunction with a Monte-Carlo approach in which values of the dimensional variables drawn at random from those in Table 2 are permuted.

would evolve to trondhjemitic. The extraction of melt 
from the leading porosity wave would rapidly reduce 
the porosity of the wave, in which case further 
extraction would be inhibited until the accumulation 
of melt caused the melt fraction to increase once 
again. Consequently, only small volumes of tonalitic 
melt would be extracted early in the process.

compared to large volumes of trondhjemitic melt 
extracted later.

The process of melt extraction via dykes from 
zones of high melt fraction is a possible origin of 
chemical diversity in the source region: the compo
sition of the extracted melt for a given source rock 
composition and mineralogy, depth of melting, and

Table 2
Summary of the parameters used in the model, with suitable values for hydrated basalt and meta-basalt (amphibolite and eclogite) source rocks 
(from Jackson et al., 2003)

Symbol Description Min.-max. values Values used 
in Fig. 3 for a 
basaltic protolith

Units

k thermal conductivity 1.5-3 2 W K_l m-1
c'p specific heat capacity 1020-1220 1200 J kg"' K-'
L latent heat 400,000-600,000 600,000 J kg-'
1 liq— 7k>I liquidus-solidus interval 200-400 300 K
P density 2900-3100 3000 kg m-3
Pt-Pm matrix-melt density contrast 400-700 600 kg itT3
a matrix grain radius 5 x 10~4-5 x 10-3 (0.5-5 mm) 2.5* 10-3 (2.5 mm) m
n exponent in permeability relation 3 3 None
b constant in permeability relation 1/2500-1/50 1/500 None
Pm melt shear viscosity I03-106 104-105 Pa s
Pt matrix shear viscosity 10,s-10‘9 10,5-1019 Pa s
Ci matrix bulk viscosity 10l5-1019 10,5-10'9 Pa s
CMF Critical Melt Fraction 0.4-0.65 0.5 None
<P degree of melting at the contact <0.5 0.5 None
fctfr dimensionless effective thermal diffusivity 10_,4-10+8 0.356-112.4 None
S characteristic lengthscale 

(McKenzie’s compaction length)
0.04-25,000 (25 km) 12.5-1250 m

?c characteristic timescale 36-2.8* l()7 (28 My) 84.5-84500 years
K characteristic permeability 6.25* 10-,1-1.25* 10 8 1.56* 10~9 m2
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Fig. 6. Melt volume fraction (porosity (</>) and temperature (T) 
against vertical distance (r), after 20,000 and 150.000 years have 
elapsed. The matrix shear and bulk viscosities are /it~^t-l017 Pa s; 
the melt shear viscosity is Pa s; see Table 2 for values of the
other governing variables. Composition of the melt in the porosity 
wave estimated from Fig. 2a, assuming melting of a basaltic 
(amphibolitic) protolith. Note that the melt composition changes 
from tonalitic to trondhjemitic as the wave migrates upwards 
through the partial melt region. Porosity (<f>) is plotted against the 
lower abscissa axis; temperature (T) is plotted against the upper 
abscissa axis. The curve denoting temperature (T) also denotes the 
degree of melting (J) if read from the lower abscissa axis.

suite of melting reactions, depends upon when and 
where extraction occurs. The process explains the 
order of intrusion of the TTG compositions observed 
in the Miocene Cordillera Blanca Batholith, Peru, a 
possible modem analogue of Archaean TTG magma- 
tism (Atherton and Petford, 1993, Petford and 
Atherton, 1996), and also explains qualitatively their 
relative volumetric proportions. Similar zonation 
patterns are also observed commonly in calc-alkaline 
plutons (e.g. Pitcher, 1993), implying the model 
presented here may not be restricted purely to the 
formation of TTG suites.

Although this model suggests that repeated under
plating will be required to generate segregated melt 
over longer segregation times (>10.000 years), the 
underplates are modelled as single events which are 
emplaced at the beginning of model time (Jackson et 
al., 2003). As we discuss in the next section, repeated 
underplating events can significantly enhance melting 
and melt segregation.

3. Periodicity in the heat source

Petford and Gallagher (2001) examined the bal
ance between the rate of heat input as basaltic 
intrusions, and the rate of heat loss from these 
intrusions to the overlying lower crust where melting 
occurs. Annen and Sparks (2002) considered a similar 
problem, and while focusing on somewhat longer 
timescales, the results of Petford and Gallagher (2001) 
are relevant up to timescales of 1.5 My. This is close 
to the most likely timescale for segregation to occur 
(Fig. 5). The simple thermal model has the advantage 
over previous studies (e.g. Hodge, 1974; Huppert and 
Sparks, 1988; Bergantz, 1991; Bergantz and Dawes, 
1994) in that it is possible to assess the efficiency of 
periodic underplating (i.e. multiple intrusions) as a 
heat source for melting the lower crust. However, the 
melt generated is static; it does not migrate relative to 
the matrix in contrast to the model discussed in the 
previous section.

The intrusion history is specified in terms of 
constant thickness intrusions emplaced with selected 
periodicities. The model provides predictions of the 
maximum and average degree of melting, the thick
ness of melt, the average temperature of the melt, and 
the height of the melt column. A useful parameter to 
characterize the results is the ratio of the period of 
intrusion (tj) to the thermal time constant of con
ductive heat loss, given as

Td nzK
(6)

where n is the number of equal sized intrusions 
forming the underplate and Lmax is the total thickness 
of the basaltic underplate. Defining

R = Tj/Td (7)

then for R>\, and so heat is supplied more
slowly than it is lost by diffusive processes, while the 
opposite holds for R<\. A long interval between 
intrusions would lead to less melt, as the tendency will 
be for heat to be lost more quickly than it is supplied. 
However, very rapid intrusions do not necessarily lead 
to increased melting. Although heat is supplied 
rapidly, about half of it can be lost from the base of
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the intrusive sequence and not transported to the 
overlying crust. One important aspect of this is the 
potential to produce crustal melts below the under
plate, which may then subsequently mix with over- 
lying residual mafic melt as segregation proceeds 
from the zone of melting. Overall, given the trade-off 
between heat input as underplate and heat supply from 
there to the lower crust, there is an optimal ratio 
between the timescale of intrusion and the timescale 
of heat loss from the intrusion.

In terms of maximizing the melting of the lower 
crust, this optimal ratio is more or less when the two 
time scales are equal, i.e. R-l, although this starts to 
break down when the intrusion period becomes much 
longer than the thermal time constant (i.e. the 
minimum value of R tends to 1, which for 1 km of 
underplate is -30,000 year's, although for 1 intrusion 
there is clearly not a periodic intrusion history). For 
the longer timescales, fewer intrusions provide a more 
efficient heat supply to the lower crust, although there 
is less variation in the predicted parameter values 
compared to the shorter timescales. Overall, for a 
constant total thickness and duration of tire intrusion 
history, a higher frequency of smaller intrusions 
produces higher degrees of lower crustal melting, 
leading to more and hotter melt. Thus repeated 
underplating is likely to lead to enhanced segregation 
of melt on both thermal and mechanical grounds.

4. Discussion

An extensive literature now exists characterising 
the major, truce and REE compositions of both 
Archaean TTG’s and modem adakite-like magmas. 
These geochemical data have been used to infer- 
source rock compositions, depths of melting and 
tectonic setting. The physical processes by which 
the melt segregates from and interacts with its 
partially molten host have been either neglected or 
assumed, yet may have a profound impact on the 
composition of the segregated melt which leaves the 
source region. Even the simple physical model out
lined in this paper predicts that diverse melt compo
sitions can be derived from an initially homogenous 
source rock in the lower crust. The chemical 
composition of the segregated melt varies both 
spatially and temporally, and is governed not only

by the composition and mineralogy of the source rock, 
the depth of melting, and the melting reactions, but 
also by the physical processes controlling its migra
tion and segregation.

4J. Tectonic setting ofTTG magma formation: crust 
versus slab melting

Despite the absence of any robust physical model 
for the generation and segregation of either Archaean 
or Phanerozoic slab melts (see Kelemen et al., 2001 
for a qualitative assessment), complex physical 
processes are assumed in all chemical models of 
TTG formation, and those based on the results of 
experiment. For example, in order to generate die high 
observed Mg numbers (Mg#>50) in some adakites 
and high Mg# andesites (and associated sanukitoids), 
TTG slab melts must apparently mix with depleted 
peridotite in a complex way. Described by Rapp et al. 
(1999) as a ‘ciyptic process’ involving melt percola
tion and reactive fluid flow, these interactions are 
poorly constrained. Although high Mg# adakites have 
been reproduced experimentally by Rapp et al. (1999), 
it is not clear how laboratory processes relate to 
nature. In a similar fashion, Martin (1999) has argued 
drat although both modem adakite-like magmas and 
Archaean TTG’s originate as slab melts, the observed 
differences in geochemical signatures between the two 
can be explained in terms of melting depth in the slab, 
combined with the presence (or absence, in the early 
Archaean) of mantle wedge material above the 
subducting oceanic lithosphere. More recently, Bour
don et al. (2002) have argued that adakite-like lavas 
from Antisana volcano, Ecuador, are the result of 
partial melting of mantle wedge metasomatised by 
slab melts and then transported to deeper levels which 
melt at ‘appropriate’ pressures to produce magmas of 
the required composition. In all cases, the observed 
geochemical characteristics are explained by complex 
physical processes, none of which are understood in 
any detail and none of which may actually operate. 
We argue that equal attention to detailed, quantitative 
modelling of both the physical and chemical aspects 
of the problem may reveal the ‘ciyptic processes’ 
which yield geochemical signatures consistent with 
interaction with the mantle wedge, and provide a 
sound physical basis for the interpretation of geo
chemical measurements.
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The simple models presented in this paper are in no 
way capable of capturing all of these complex 
physical processes. However, they still represent a 
significant advance on the previous generation of 
qualitative and semi-quantitative models, in that they 
are quantitative and predictive, and begin to consider 
the effect that physical processes may have on 
geochemical characteristics. Future models will need 
to include more complex physics, and explicit 
modelling of chemical interactions rather than the 
crude estimates of composition used here. These 
coupled models will help predict measurable geo
chemical characteristics, which distinguish between 
different source regions and source region processes. 
For example, the thermal regime during melting 
within the lower crust is likely to be very different 
to that within a subducting slab. In the lower crust, 
temperature decreases rapidly upwards which leads to 
rapid compositional evolution of a buoyant partial 
melt fraction flowing along grain edges; in a 
subducting slab, temperature may decrease upwards 
much more slowly or even locally increase if shear 
heating is significant along the upper boundary 
(Peacock et at., 1994; Peacock, 1996). This will lead 
to a different compositional evolution of any melt 
formed during segregation. Likewise, if flow is 
principally along grain edges, then the melt may 
thermodynamically equilibrate with the matrix 
through which it is flowing and its composition will 
reflect this. However, if flow is principally through 
fractures, then interactions between melt and matrix 
will be severely impaired yielding potentially very 
different melt compositions.

5. Summary

We have presented a simple physical model of 
TTG magma formation in the lower crust. Key 
features of the model are: (1) large volumes of TTG 
magma can segregate from a hydrous basaltic 
(amphibolite to eclogite) protolith over geologically 
realistic timescales (in some circumstances very 
rapidly; predicted times for segregation vary between 
4000 years and 10 My); (2) petrological diversity is 
predicted from melting a homogenous protolith 
through simple, quantifiable physical processes; (3) 
the temperature, degree of melting and hence chem

ical composition of the segregated melt varies both 
spatially and temporally, and for a given source rock 
composition, mineralogy and depth of melting, is 
governed by the physical processes through which the 
melt is generated, migrates and segregates. We do not 
presume to have captured all of the physical processes 
occurring during TTG magma formation. However, 
by analogy to previous work on melt extraction in the 
mantle (e.g. Richter and McKenzie, 1984), we do 
argue that physical models of melt extraction can 
provide an important constraint on likely composi
tional variations in TTG magmas, while at the same 
time informing the debate on whether TTG melts 
originate predominantly from subducting oceanic slab 
or thickened mafic continental crust.
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Appendix A

The assumption that melt and matrix are always 
in local thermodynamic equilibrium has a significant 
effect on the compositional evolution of the melt as 
it migrates upwards through the source region. 
Maintenance of local equilibrium requires that the 
rate at which thermal and chemical equilibrium is 
attained is rapid compared to the thermodynamic 
evolution of the partial melt zone. Rates of thermal 
equilibration are rapid in geological systems; the 
kinetic limit on the rate of chemical equilibration is 
likely to be component diffusion in the solid phase 
(e.g. Tsuchiyama and Takahashi, 1983; Tsuchiyama, 
1985). Chemical equilibrium is maintained only if 
the rate at which components diffuse in the solid is 
rapid compared to the rate at which components are 
advected by the liquid. A measure of the relative 
rates of diffusion and advection is provided by the 
Damkohler number (Da)
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where v is the velocity at which components are 
advected, D is the component diflhisivity in the 
solid phase, and Lc is the length scale over which 
compositional variations occur. In systems charac
terised by values of DcksIO, the rate of diffusion is 
rapid compared to the rate of advection, and 
equilibrium will be maintained; conversely, in 
systems characterised by values of Da >10 equili
brium will not be maintained (Bickle and McKen
zie, 1987; Kenyon, 1990; Spiegelman and Kenyon, 
1992).

A suitable estimate of the rate at which compo
nents are advected by the liquid phase is provided by 
the Darcy separation velocity

Range of solid phase component diffusivities (0) 
in common lower crustal minerals

V> -16

Matrix grain radius (mm)

_ k(Ps ~ Pm)g 
<t>Vm

(A2)

Assuming marginal equilibrium (Da= 10) yields an 
expression for the minimum diffusivity in the solid 
phase required for local equilibrium to be maintained

Deq =
20:/>a4(ps - pjg 

5)imLc (A3)

In a homogenous, isotropic partial melt zone, the 
length scale Lc depends principally upon the spatial 
gradient in the fraction of equilibrium melting. If the 
gradient is steep, then compositional variations occur 
over a small length scale and vice-versa. In the crust, a 
partial melt zone is typically ca. 5 km thick, and the 
fraction of equilibrium melting varies from ca. 0.5 at 
the base to zero at the top, in which case the spatial 
gradient in the fraction of equilibrium melting is ca. 
10~4 km1. Assuming that a change in the fraction of 
melting of ca. 10-3 (0.2%) causes a negligible 
variation in the composition of each phase, yields a 
value of Ac~10 m.

Fig. Al shows the minimum diffusivity required to 
maintain marginal equilibrium, as a function of the 
matrix grain radius, for values of //m, (ps—pm) and h, 
which correspond to the fastest (curve (a)), slowest 
(curve (c)), and average (curve (b)) predicted advec- 
tive transport rates, with Z.c~10 m and 0-0.5. Also 
shown in Fig. A1 is the range of estimated component 
diffusivities in lower crustal minerals (shaded area; 
data from Freer, 1981). For the fastest predicted 
advective transport rates and grain sizes >1.4 mm, the

Fig. Al. Minimum solid phase component diffusivity (D) required 
to maintain marginal chemical equilibrium (Dn=10), as a function 
of the matrix grain radius. Curve (a) shows the minimum 
component diffusivity required to maintain equilibrium for the 
fastest predicted advective transport rates in a lower crustal partial 
melt zone 0im=103 Pa s; 6=1/50; (pra-p,)=700 kg m-3; 0=0.5); 
curve (b) shows the minimum component diffusivity required to 
maintain equilibrium for average predicted advective transport rates 
in a lower crustal melt zone (^m=105 Pa s; 6=1/1000; (f>m-pt)=500 
kg m-3; 0=0.5); curve (c) shows the minimum component 
diffusivity required to maintain equilibrium for the slowest 
predicted advective transport rates in a lower crustal melt zone 
(//m=107 Pa s; 6=1/2500; (/>m-p*)=300 kg m-3; 0=0.5). The 
shaded area shows the estimated range of diffusivities for various 
components (O, Al, Ca. Ar, Na) in common lower crustal minerals 
(enstatite, diopside, hornblende, biotite, albite, anorthite, quartz) at 
temperatures of-1200 K (data from Freer, 1981).

smallest estimated component diffusivities fall below 
the curve denoting the minimum diffusivity required 
to maintain marginal equilibrium (curve (a)); con
sequently, it is possible that equilibrium will not be 
maintained. However, for slower advective transport 
rates (curves (b) and (c)) it is likely that equilibrium 
will be maintained regardless of grain size.

This simple analysis indicates that the assumption 
of local thermodynamic equilibrium is valid except 
for the fastest predicted rates of melt flow and slowest 
estimated component diffusivities. If chemical equili
brium is not maintained, component exchange will 
still occur between melt and matrix, and it is likely 
that the composition of the melt will still evolve as it 
migrates upwards through the source region. How
ever, a molecular level description of the system will 
be required to describe chemical compositions.
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Large-scale mechanics of fracture-mediated felsic magma intrusion 
driven toy hydraulic inflation and buoyancy pumping

G. I. ABLAY1, J. D, CLEMENS2 & N. PETFORD3
1 School of Earth Sciences cfe Geography, Centre for Earth and Environmental Science Research, 

Kingston University, Penrhyn Road, Surrey KT1 2EE, UK

Department of Geology, Geography and Environmental Studies, University of Stellenbosch,
Matieland, 7602, South Africa

3Bournemouth University Executive Group, Bournemouth University, Fern Barrrow, Poole, 
Dorset BH12 5BB, UK (e-mail: npetford@bournemouth.ac.uk)

Abstract: A new fracture-mediated intrusion model resolves the sequence of magma and rock 
displacements generating a felsic magma system with a lower crustal source, central conduit 
and shallow sill pluton. Idealized intraplate conditions are assumed, to neglect regional tectonism 
and to focus on juvenile cracking by magma-intrinsic hydraulic and buoyant loads.

The magma source is conductively heated and develops by endothermic fluid-absent melting in 
approximately 106 years. The idealized domical thermal anomaly and endothermic heat focusing 
yield a low aspect ratio source, with outer-porous and inner-permeable partial melt zones. An ana- 
tectic core region is unrealized owing to magma segregation.

Thermal stresses are readily relaxed and unimportant to source loading while crustal uplift 
generates tensile stress and, upon relaxation, lateral space for tensile fractures. Dilative melting 
generates buoyancy overpressure (APB) and a hydraulic contribution (APV) to the magma pressure 
(PM). APV develops by elastic wall-rock compression as the ‘excess magma volume*, EPIV, arises 
too abruptly for frill relaxation by inelastic deformation, inducing a brittle response. Tensile 
rupture criteria are met in an effective tensile stress field with low differential stress induced by 
magma pore pressure and wedging by pressurized cracks, which initiate by source inflation and 
uplift. Preferred vein geometry reflects the starting stress field. For symmetric doming, radial ver
tical cracks with a central nexus form a natural conduit. A vertically extensive crack system, 
however, requires special explanation because wedging by APV reorients dykes to sills just 
above source. The solution is that volumetric crack growth accommodating non-relaxed EMV 
(EMV*) causes APV —> 0. Magma transport becomes buoyancy-driven and the APV problem 
does not arise. The critical sill intrusion depth, I, is where APB exceeds the regional vertical 
stress curve, where colunms must intrude owing to APB alone. Sill growth is mainly by floor 
depression, involving ductile shear of lower crust, creating sill volume, suppressing roof uplift, 
expelling source contents, processing protobth through the melting zone, reducing stress, cth, 
and widening conduits for sustained flow.

Two intrusive regimes are identified; APV > 0 (hydraulic inflation) and APV = 0 (buoyancy 
pumping). Partitioning between three sinks for EMV - inelastic uplift (<}>), crack growth (r\) 
and a non-relaxed portion (EMV*) generating APV - defines four hydraulic subregimes. Disequi
librium dilation occurs during crustal relaxation prior to rupture, when t] = 0 and EMV partitions 
between 6 and EMV*. Uplift occurs readily owing to the crust’s weakness in flexure, so tj> abruptly 
increases while EMV* decreases, causing abrupt variations in source failure mode, geometry and 
rate that smooth initial APy variations. During equilibrium dilation source swelling continues with 
c}) dominant over EMV*. Dilatant loading rates mean that positive APy is always maintained 
however, keeping the source near-isotroprcally inflated and prepared for rupture. Disequilibrium 
cracking begins when uplift-driven horizontal stretching irritiates rupture and crack growth (ti).
Crack volume is initially small, but readily enlarges as dykes propagate by conversion of stored 
APy. EMV is minimized better and faster by t] than by 4>, owing to crack-tip stress concentration, 
giving abrupt augmentation of T| and decreases in and EMV* hr a crack growth-surge until the 
uplift-modified stress field is balanced. In equilibrium cracking, once EMV* (and APy) decrease 
to incipient levels, each new increment of EMV!: partitions directly into crack growth, while 
continued uplift maintains vertical rupture, generating a vertically extensive fracture system.

The absolute volumetric equivalence of EMV*. at most a few tens of km3, will be exhausted 
during dyking, sill intrusion or surface eruption. The system then becomes buoyancy-driven 
and, if depth I is reached, must intrude a sill. Relaxation of sill underburden initiates crustal decou
pling and buoyancy pumping, where the downward underburden-flux drives and is balanced by 
upward magma flow.

From'. THOMSON, K, & PETFORD, N. (eds) Structure and Emplacement of High-Level Magmatic Systems. 
Geological Society, London, Special Publications, 302, 3-29.
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Nomenclature

a sill radius
c specific heat
D intrusion depth
E Young’s modulus
EMV excess magma volume
EMV* non-relaxed excess magma volume
g acceleration due to gravity
h source or magma column height
I critical overburden thickness
k thermal conductivity
M melt proportion
P ambient pressure
PyA magma pressure
Qc conduit flux
Qu underburden flux
r conduit radius
S source depth
t time
T temperature
V volume
W sill half-height
Y vertical shear displacement
z depth (positive down)
ol linear coefficient of thermal expansion
p thermal gradient
y heat-focusing factor
AHr specific heat of reaction
APb buoyancy overpressure
APe magma excess pressure
APV volume-related hydraulic overpressure
AT temperature change
AVm coefficient of melting-related volume

increase
e volumetric strain
€H horizontal strain
ev vertical strain
4> coefficient of EMV relaxation by

inelastic deformation
ti coefficient of EMV relaxation by

crack growth
K thermal diffusivity
pM magma viscosity
v Poisson ratio
pR country rock density
pM magma density
crj maximum principal stress
u2 intermediate principal stress
0-3 minimum principal stress
crd differential stress
<th horizontal (confining) stress
Ohc horizontal circumferential stress
ohr horizontal radial stress
<tl lithostatic stress
o-N normal stress
Os shear stress
ov vertical stress

CTh1* horizontal thermal stress
_ (subs) 

OR subsidence related horizontal tensile
stress
uplift related horizontal tensile stress

T tensile strength (subscripts V and H 
refer to vertical and horizontal
strengths)

i flexural rigidity

Most granitoid plutons are shallow (2-10 km) and 
tabular, suggesting their intrusion as sills or lacco
liths (Corry 1988; McCaffrey & Petford 1997; 
Vigneresse el al. 1999), while the felsic magmas 
involved are mostly deep crustal anatectites (e.g. 
Kistler & Peterman 1973; Chappell & White 
1974; Atherton et al. 1979; DePaolo 1981; 
McCulloch & Chappell 1982). These facts require 
that plutons were linked to deep-crustal magma 
source regions during trans-crustal magma trans
port. However, owing to the infrequent, dynamic 
and deep-seated nature of this process, its mechan
ism is contentious. Nevertheless, there is now 
increasing consensus that the intrusive displace
ments of magma and rock involve the propagation 
and exploitation of hydraulic fractures (Clemens 
& Mawer 1992; Vigneresse et al 2000). Moreover, 
considerable progress has been made in understand
ing the putative fracture-mediated process, includ
ing field, experimental and theoretical studies of 
melting, deformation and magma segregation in 
source regions (e.g. Vielzeuf et al 1990; Sawyer 
1991; Petford 1995; Rushmer 1995; Rutter & 
Neumann 1995; Vigneresse et al 1996; Petford 
& Koenders 1998; Daczko et al 2001; Simakin & 
Talbot 2001; Klepeis et al 2003), transport by 
trans-crustal dyke systems (Takada 1989; Petford 
et al. 1994; Vigneresse 1995a, b\ Petford 1996) 
and tabular pluton emplacement (Cruden, 1998, 
2006; Vigneresse et al 1999; Cruden & McCaffrey 
2001). Notwithstanding this, several issues are 
unresolved, notably the relative roles of magma 
buoyancy, hydraulic overpressure and regional 
tectonic forces in driving the process, the role of 
pre-existing weaknesses as magma pathways, how 
a fracture conduit of adequate aperture might 
develop and persist, and what controls the emplace
ment depth and growth of sills. Owing to this, a 
coherent mechanical account from source to post
emplacement has yet to be given. This is the 
present objective.

Several factors account for these uncertainties. 
While shallow plutons commonly are exposed, 
complete intrusive systems are never seen owing 
to their scale. Relict source regions and fracture 
conduits are rarer in the rock record than is attri
butable only to their deeper origins, probably
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reflecting magma drainage. The geological and 
tectonic diversity of crustal settings involved 
complicates judgement of the roles of pre-existing 
structure and regional stresses (Brown 1993, 
1994; Vigneresse 1995cr). This ambiguity over 
boundary conditions hinders efforts to model Are 
process. Analogue models have inherent scaling 
problems that compromise, for example, the val
idity of the diapir hypothesis (Ramberg 1981) for 
felsic magmas (Petford 1996; Vigneresse & 
Clemens 2000). Numerical methods cannot, at 
present, holistically simulate the continuum of sub
processes, despite robust theory for each, owing to 
complex coupling over diverse length- and time- 
scales, and the magma-host rock strain differential. 
If a mechanical description of fracture-mediated 
intrusion is to cohere, theoretical methods must 
presently suffice to address outstanding issues.

Fracture-mediated intrusion
There are broadly two views of the fracture- 
mediated felsic intrusion mechanism. Fracture for
mation and exploitation by magma obey established 
principles (e.g. Jaeger & Cook 1976; Pollard 1987) 
so these are distinguished essentially by the origin 
of the cracks and nature of the driving forces. One 
derives from field studies in settings where tectonic 
forces were strong, and holds that magma exploits 
pre-existing faults driven by regional tectonic 
loads and buoyancy (e.g. Hutton 1982; Hutton 
et ol. 1990; Atherton 1990; McCaffrey 1992; 
Tikoff Sc Teyssier 1992; Brown 1994). The other 
posits the magma to form and exploit juvenile frac
tures under hydraulic and buoyant loads intrinsic to 
the magma (Takada 1989; Clemens Sc Mawer 
1992). Two recent sets of geological findings 
point to the latter as a better basis for a general 
model. First, there is the identification in shallow 
intrusive architecture of a generic structural style 
significantly independent of tectonic setting - 
plutons statistically are sill-shaped (McCaffrey Sc 
Petford 1997) while their conduit systems, conjec
tured to develop as systems of dykes, are characteri
stically centralized and pipe-like (Vigneresse et al. 
1999). Second, there is the deduction from obser
vations of frozen, deep-crustal, anatectic source 
regions of rapid magma drainage into tensile 
cracks formed during dilative melting (Daczko 
et al. 2001; Klepeis et al. 2003). Taken together, 
these findings suggest; (i) that juvenile cracking 
may occur at all structural levels, obviating any 
need for inherited fractures; and (ii) a crack system 
may propagate owing to loading by dilative 
melting and magma buoyancy, obviating any need 
for tectonic forces. Indeed, tire common causative 
mechanical influence implied by generic structural

style may, if universals like crustal weight are 
excluded, only be the magma. Moreover, the diver
sity of tectonic settings involved precludes specific 
crustal structures or regional stress patterns being 
prerequisites, irrespective of ad hoc roles. A 
general model must account for intrusion across all 
tectonic settings. An emphasis on juvenile fracture 
by magmatic loading thus offers more fundamental 
insight than studies of diverse natural systems and 
simplifies analysis of the key parameters - those 
controlling the intrusive stress field.

Approach
Previous workers recognized the significance of the 
stress field in fracture-mediated intrusion. Johnson 
Sc Pollard (1973) reviewed factors controlling the 
buoyancy overpressure of a static magma column 
and analysed the deformation in sill emplacement. 
Subsequent work on felsic intrusive architecture 
has followed their static approach, a valuable 
example being Vigneresse et al. (1999), who used 
tire insights of Jaeger & Cook (1976) and Parsons 
& Thompson (1991) to identify stress exchange 
between magma-filled fractures and host rock - 
magma wedging - as the key feedback between 
propagating cracks and the causative stress field. 
Approaching from a petrological perspective, 
Clemens et al. (1997) and Clemens Sc Droop 
(1998) established dilative fluid-absent melting as 
the likely cause of hydraulic source loading. To 
build on these ideas we consider theoretically how 
a felsic system might develop the generic style 
identified above from source upward. We adopt 
the premise that if magmatic loading is responsible, 
we should examine circumstances where this would 
be manifested most clearly, i.e. powerful, volumi
nous systems in structurally simple lithosphere in 
the absence of remote loading. We therefore con
sider the hypothetical case of a giant crustal felsic 
system intruded under idealized anorogenic con
ditions, isolated from the influence of mantle- 
derived magma. This offers the simplest basis for 
future efforts to encompass systems rooted in the 
mantle and those in complex crustal environments. 
As several significant subprocesses are described by 
robust theory, this work is in part a review. Our con- 
tribution is to address the outstanding issues and 
link the process in the simplest conceivable case.

A hypothetical felsic intrusive system having the 
generic structure above is shown in Figure 1. It 
comprises a partially molten lower-crustal source 
region, a central conduit and a shallow, sill-like 
pluton. We analyse how the stress field required 
to produce this might arise. Idealized intraplate 
stress conditions are assumed and reference made 
to a standard section of hypothetical continental
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Fig. 1. Conceptual idealized model intrusive system. Light grey, mantle; dark grey, partially molten source 
(S) and melt-filled conduit (C) and pluton (P) regions; non-shaded. host crust. Model lithosphere is horizontally 
homogeneous with a gradational vertical structure. Layers (Table 1) are for illustrative stress calculations only. The 
depth scale is Z- The level / is the critical intrusion depth. Arrows show the vertical and horizontal stress axes. 
Roller boundaries indicate uniaxial vertical strain.

lithosphere (Table 1) based on studies such as 
Meissner (1986) and Salisbury & Fountain (1990). 
We consider the geometric and structural develop
ment of the source under simple genetic circum
stances. the origin and nature of the conduit, 
magma ascent depth of pluton emplacement and 
post-emplacement processes. Thermal aspects are 
outside our scope (but see Retford et al. 1994), 
although findings do permit us to reassess the 
argument that felsic dyke conduits are thermally 
non-viable (Rubin 1995). Static analysis of 
depth-stress relations between magma and crust 
is employed, considering dynamical aspects only 
qualitatively. Nevertheless, by analysing intrusive 
space relations this approach identifies the 
complimentary roles of hydraulic and buoyancy 
forces, and yields a coherent sequence of events. 
Findings are immediately relevant to intraplate 
‘supervolcano’ systems.

Magma source evolution
The geometry, developmental timescale and 
internal structure of the magma source will greatly 
influence its deformation history. We address 
these factors first.

Geometry and growth

We focus on anatectic source regions, whose occur
rence depends on crustal composition, pressure, P, 
and temperature, T (Tuttle & Bowen 1958). Most 
felsic magmas are initially H20-undersaturated 
partial melts of hydrous, chiefly biotite- and 
amphibole-bearing assemblages (Eggler 1973; 
Thompson 1982; Clemens 1990; Clemens et al. 
1997: Clemens & Watkins 2001), so model 
melting is assumed fluid-absent. Four thermo
dynamic features of such reactions significantly

Table 1. Model crustal parameters

Depth (km) Layer* Example rock typef Pr (kg m 3) £ (Pa) V R r l

0-2.5 cl Cover 2400 1 x lO10 0.17 3.0 x 10-5
2.5-5 c2 Cover 2500 2 x 10‘o 0.20 2.9 x 10“5
5-10 c3 Metasediment 2600 3 x 10'° 0.23 2.8 x 10~5
10-15 c4 Metasediment 2700 4 x lO10 0.26 2.6 x 10“3
15-20 c5 Metasediment 2800 5 x I010 0.30 2.4 x 10-5
20-25 c6 Amphibolite 2900 6 x lO10 0.34 2.2 x 10-5
25-30 cl Amphibolite 2900 7 x 10'° 0.36 2.0 x 10-5
30-35 c8 Amphibolite/granulite 3000 8 x lO10 0.38 1.8 x 10-5
35-40 c9 Granulite 3000 9 x 1010 0.40 1.6 x 10-3
40+ m Mantle 3300 1.2 x 10" 0.30 2.0 x 10-3

*< designates crustal and m mantle layers. 
’The example rock types are not significant.
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influence source evolution. First, positive entropy 
changes cause isograds to follow appropriate iso
therms with little kinetic lag (Thompson & Tracy 
1979; Vielzeuf et al. 1990). Source regions are 
thus closely spatially and temporally constrained 
by causative isotherm distributions. Second, they 
are markedly endothermic with specific heats of 
reaction A7/r of 1,0 x 10s to 2.5 x 105 Jkg”1. By 
focusing heat and buffering T over the melting 
interval they exert control on the isotherm distri
bution (Rice & Ferry 1982). Third, for protoliths 
with a dominant hydrous mineral, most melting is 
in a narrow thermal interval 25-50 °C wide for 
biotite rocks, starting at 825-850 DC (Vielzeuf 
& Holloway 1988; Stevens et al. 1997), and 
approximately 100 °C wide for amphibolites start
ing at 825 to 900 °C (Rutter & Wyllie 1988; 
Bear'd & Lofgren 1991; Rushmer 1991; Wolf & 
Wyllie 1994; Patino Douce & Beard 1995). 
Ignoring multiple hydrous phases with stepped 
melt production (Skjerlie and Johnston 1992), pro
toliths with >c. 1 wt% H20 yield melt fractions 
(M) = 0.4-1.0 if T reaches 900-1000 DC, so com
prehensive melting needs only a 50-100 °C pertur
bation above the fluid-absent solidus (Clemens & 
Vielzeuf 1987). Fourth, tire volume change on 
melting [AVM = (Vprmluc[s - ^reactants)/krenctants] tS 
positive, between 0.02 and 0.20 depending on reac
tion stoichiometry, completion, P and magma 
compressibility (Clemens & Mawer 1992). Thus: 
(a) anatectites are less dense than solid counterparts 
and buoyant; and (b) as fluid-absent magma has low 
compressibility, A VM may, depending on the mech
anical response of enclosing rock, yield a hydraulic 
contribution to the magma pressure /JM (Clemens & 
Mawer 1992; Rushmer 1995).

For an idealized source we ignore unusual crustal 
structure (e.g. isolated non-refractory domains), 
neglect ongoing tectonism by considering only 
isobaric fusion (cf. Brown 1993) and invoke an ideal
ized thermal anomaly. Copious crustal fusion 
requires mantle heat (but see Sandiford et al. 1998) 
transported by advection (A) by mantle-derived 
magma (e.g. Huppert & Sparks 1988; Petford 1995) 
or by conduction (C). However, as the mechanical 
influence of intruding mafic magma is outside our 
scope, so A-type or mixed A/C-type sources are 
also neglected despite their probable significance. 
Our idealized source develops only by C-type heating 
from below. Besides protolith structure, source geo- 
metry thus depends on the thermal anomaly structure, 
heat focusing by endothermic melting and how these 
control the isotherm dishibution. Amphibolite is 
adopted as an idealized protolith.

An idealized lithospheric thermal anomaly is 
circular, forming a domical melting region as iso
therms T > TgoiMuj intersect the crust. Anomalies 
generating large systems like Yellowstone

(cf. Smith & Braille 1994) are 600-1000 km 
across (Anderson 1998), so tire lateral extent of an 
idealized melting region far' exceeds tire lithosphere 
depth. This constrains the source to have a low geo
metric aspect ratio. Notwithstanding the transient 
nature of crustal thermal perturbations, constraints 
on the vertical melting distribution within such an 
anomaly are offered by temperature (T) variations 
at the Moho for natural upper-mantle anomalies, 
estimated at ± 200 °C (Anderson 1998), and the 
use of steady-state geotherms. Values of the heat 
flux (Oh) reasonable for non-cratonic continents 
are consistent with C-type melting of appropriate 
lithologies in the lowest part of thick crust for a 
modest T perturbation. For example, assuming tire 
lower crust of the amphibolite having rsoncius= 
800 °C, a main melting pulse at 850-950 °C and 
T'liquidus — 1050 °C, then, using Chapman’s (1986) 
isotherm distributions, a 40 km-thick crust would 
be everywhere subsolidus at Qu < 70 mW m-2 as 
the 800 °C isotherm is predicted to lie 5 km below 
the Moho (mantle solidus is > 1100 UC). However, 
at <2h =: 80 mW m”2 the 800 °C isotherm occurs 
nominally at 35 km depth, so partial melting might 
be expected up to 5 km above the Moho. For 
<2h = 80 m Wm”2 the 850 °C isotherm is located 
at 38 km, suggesting also that tire lowest 2 km of 
the crust would be within the main melting pulse. 
At <2h —90mWm~2 Chapman’s models predict 
an 800 °C isotherm at 28 km depth, with 850 °C 
and 950 °C isotherms at approximately 31 and 
37 km, respectively, so the lowest 12 km of crust 
might be expected to partially melt. However, for 
endothermic melting by transient heating, heat 
focusing would cause isotherms to lie deeper (Rice 
& Ferry 1982), reducing the spatial melting interval 
as follows.

The effect of AT/r on the spatial melting interval 
corresponding to a T interval, AT, may be estimated 
from the effective specific heat, c', of the melting 
region. Tins relates to c of solid protolith as 
(Carslaw & Jaeger 1959) c' — e + (AHr/A7’). 
Assuming a steady increase in <2h with just sufficient 
time for isotherms to reach equilibrium positions, the 
retarding effect of A//f on melting isotherms 
(Tsoiidus <T < Tjiquidus) may be assessed from how 
c' influences the effective thermal diffusivity in the 
melting region according to K' = k'/ppc', where k! 
is the effective thermal conductivity and pp the 
density of the partially molten rock. Melting thus 
requires extra heat, which retards ascending iso
therms by a heat-focusing factor y = K/K7. For 
hypothetical amphibolite lower crust, y may be eval
uated using AT= 100 K, AHr = 2 x 105 J kg-1, 
p = 2900 kg m-3, k. = 2.5 W m“! K-1, and 
c = 900 J kg-1 K-t. For solid protolith at T close 
to T’soiidus, K is approximately 8x 10_7m2s_1, 
while in the melting zone, with average properties
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Pp = 2700 kg m-3 and k1 = 2.0 W m-1 K-1, then 
c* — 2900 J kg-1 and K' = 2.6 x 10-7 m2 s”1, so 
Y is approximately 3. For our simple model, a heat- 
focusing factor, y = 3. reduces the separation 
between the base of the melting region (Moho) and 
isotherm Tiotxtm (800 C) from approximately 5 to 
about 1.7 km at (?h = 80 mW m~2. This would 
triple the thermal gradient over the melting interval 
and correspondingly reduce the gradient in non
melting crust above. At Qh = 90 mW m-2 the 
800 C isotherm would lie at 36 km. with the main 
melting pulse between 37 and 39 km.

These simple considerations illustrate three 
points. First, the Moho is a major step in primary 
fertility relative to likely thermal gradients, so 
C-type melting will always initiate there. Few litho
logical and superimposed thermal profiles would 
permit multiple melting horizons, especially with 
heat focusing. Second, owing also to heat focusing, 
putative C-type source regions have a low aspect 
ratio. For the Qh and y values given above, 
maximum source heights of approximately 4 km 
are reasonable for thick crust, which given the 
surface expression of large natural systems suggests 
source aspect ratios of 0.001-0.01. Third, if tran
sient heating perturbs isotherms on a timescale 
t = j2/K, then heat focusing yields a modified 
timescale t for isotherm ascent through a melting 
region t « c2/K'. For amphibolite this predicts a 
reduced isotherm advance rate of approximately

0.003 m year-1. An idealized partial melting region 
would thus require approximately 8 x 105 
years to reach 2.5 km thickness. Given an appro
priate thermal anomaly, the timescale for C-type 
source formation is thus about 106 years.

Internal structure

The chief consideration regarding how the isotherm 
distribution and degree of partial fusion (M) relate 
to source internal structure concerns whether the 
protolith is open or closed to melt escape. Closed- 
system fusion progressively changes solid rock to 
liquid magma (Arzi 1978), whereas under open- 
system conditions melt may segregate from solid 
residue (Sawyer 1991). There are two threshold M 
values during progressive fusion, a percolation 
threshold (PT) defining interconnection of melt 
pockets at grain boundaries and a subsequent rheo
logical transition (RT) defining mechanical 
protolith breakdown (Vigneresse et al. 1996; 
Vigneresse & Tikoff 1999). Absolute M values for 
these transitions M*1 and MRT depend on phases, 
textures, stresses, etc. (Rutter & Neumann 1995), 
but are less significant for source structure than 
how M varies with T. as illustrated in Figure 2.

Figure 2a shows a hypothetical sigmoidal 
melt-productivity curve for a simple hydrous proto
lith. Melt forms initially at the solidus 7j, attains 
greatest productivity over the melting pulse T2 to

melting
pulse

j anatectic

i permeable j £

i porous zone

porous zone
>le zone

anatectic core?

Fig. 2. Melting controls on an idealized source internal structure, (a) Schematic cumulative melt productivity 
diagram for hypothetical protolith with a dominant hydrous mineral. A/, melt fraction; T. temperature. (1) Solidus 
at temperature T = 7j; <2) percolation threshold (PT) here corresponding with the onset of the main melting pulse at 
T = r2; (3) rheological transition (RT); (4) ‘pseudo-liquidus’ at T" = r3 representing the end of the main melting 
pulse with residual solid persisting: (5) liquidus at 7 = TA. (b) Schematic section through an idealized C-type source 
showing thermo-rheological zones. Light shading, non-melted crust: dark shading, mantle; not shaded, crustal melting 
region. The base of the melting zone is the Moho, representing an abrupt increase in solidus temperature. An anatectic 
core is unlikely to develop because rupture would first permit segregation of melt from solid residue into veins. The 
hydraulic nucleus would then encompass the inner region of the source defined by PT. (c) The effect of pressurized 
magma in elongate cavities in the porous zone is to equalize the horizontal and vertical loads by magma wedging.
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jTj, and ends production at the liquidus TV T3 is a 
‘pseudo-liquidus’ above which residual solid per
sists to much higher T. For s» 0.08 and 
Mrt ss 0.25 (Vigneresse & Tikoff 1999) such a 
melting curve implies for model amphibolite a PT 
effect near the start of the melting pulse and an 
abrupt RT somewhere before the middle. The 
model solidus. PT and RT map onto a hypothetical, 
mature C-type source in Figure 2b. If deformation is 
neglected and equilibrium T and M values assumed, 
then for closed-system behaviour three concentric 
zones are defined. The upper (and first to form as 
isotherms ascend) is a porous zone (M < 0.08) in 
which melt is in isolated cavities (see Rutter & 
Neumann 1995). Next is a permeable zone 
(0.08 < M < 0.25) where stress may be transmitted 
hydraulically by melt, which may percolate in 
response to pressure gradients. Downward (up-T) 
melt cavities increase in size and connectivity 
towards the RT, the top of a hypothetical, exten
sively melted inner zone, not supporting shear 
stress (M > 0.25), which could be designated an 
anatectic core. However, as a source might 
become an unstable open system at Af < AfRT. 
such a putative core region may never be realized. 
It is a special type of hydraulic nucleus, which 
describes any magma-filled cavity system that 
initiates fracture-mediated magma ascent. The 
nature of the hydraulic nucleus is analysed after 
preliminary mechanical considerations.

Deformation of host lithosphere
In model lithosphere one of the principal stresses 
(o-i, a2, 0-3) is assumed vertical (ctv) while the hori
zontal stresses are taken initially as a confining 
stress (ohi := {rH2 = o-H). The average stress at 
depth z is the pressure The model top is a 
free surface and hydrostatic stress is assumed 
at the Moho, while arbitrary lateral boundaries 
are far from any intrusion. Model lithosphere is 
weak in flexure and tension so vertical strain ev. 
is assumed to occur freely at low rates (Turcotte 
& Schubert 1982). For horizontal strain, 6h. a 
non-confined state (eH ^ 0) is assumed over 
times permitting lateral boundary migration, 
whereas over shorter times effective confinement 
is assumed (eH = 0). Far-field tectonic loading is 
neglected. The influence of crustal strength and 
relevant non-magmatic loads is summarized 
as follows.

Crustal strength

Maximum differential stress (crd = [o-i - rr3]) at 
failure depends mainly on failure mode, rock type, 
T and loading rate (Evans & Kohlstedt 1995).

1000 1200

Fig. 3. Example depth-stress distributions for the 
model crustal system and representative long-term 
strength envelopes. Curve ctV(-) gives the lithostat 
P = Puo- Curve o-jyj) shows the small and temporary 
effect of the example thermal stresses (see the text). 
Curve o-hj) is the instantaneous horizontal stress arising 
from the weight of the crust and is purely illustrative. 
Curve aiSr* shows the additional effect of the 
example thermal stresses. Curve APb 's the 
depth-integrated buoyancy overpressure of a column of 
magma of density 2300 kg m-3 in model crust (Table 1). 
Strength envelopes after Kohlstedt et al. (1995) are for a 
strain rate of 10~10 s-1.

Tensile shear strength curves for crustal analogues, 
wet quartz for weak upper crust and wet diopside 
for stronger lower crust, calibrated for a loading 
rate of 10-los-1 (Kohlstedt et al. 1995), are 
shown in Figure 3. This rate approximates the 
lower limit of the crust’s short-term elastic strength, 
which is most relevant here as abrupt loading and 
elastic behaviour will accompany dilative melting 
as shown below. The curves illustrate that under 
such conditions crustal materials can indefinitely 
sustain o-d many times their tensile strength, r, while 
the strain rate-dependence of strength, which 
explains how nominally plastic materials may 
undergo brittle failure (e.g. Hibbard & Watters 
1985), allows for elastic tensile failure throughout 
the crust if the unbalanced loads responsible 
require strain at rates of more than about 10-10 
s-1 to relax them (cf. Pfiffner & Ramsay 1982). 
As strength is also composition-dependent, crustal 
structure also influences the stress field, because 
strong materials attract high (Td (Hogan & Gilbert 
1995) and strength contrasts concentrate stresses. 
To neglect these factors, vertically gradational 
crustal properties and an idealized initial stress 
distribution are assumed.
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Non-magmatic loads

Model stresses from body forces, thermal dilation 
and lateral stretching accompanying vertical strain 
are considered with reference to Figure 3. For free 
ev then ctv(Z) is the overburden weight pRgz. Only 
very abrupt loading would cause oy to depart 
from hydrostatic. For oh, in deep, intraplate crust, 
a lithostatic starting state is expected (o-H = oy). 
However, to provide an example stress field with 
a lower oh/ov ratio, Figure 3 also shows the 
horizontal elastic body force = vfe)ov<z)/(l — 

where v is Poisson’s ratio (e.g. Price 1959). 
The possible genetic significance of such a stress 
field is considered subsequently.

Thermal stresses. For €y / 0 and eH=0 thermal 
dilation generates vertical displacement and a 
thermal stress, cr^ (tensile is negative). If a 
thermal gradient, p, increases to p' yielding 
AT = O' - P)z (Turcotte & Schubert 1982), then 
over the heated column ty — “lAT, where otL is 
the linear coefficient of thermal expansion. If 
€h = 0, then the thermal stress contribution o-jj*0 = 
EolAT, where E is Young’s modulus. For example, 
the curve t4h+,h) (Fig- 3) shows the effect (summed 
with the lithostat) of an average AT of 
3.75 0C km”1 for which the total displacement is 
88 m (6y = 2.2 x 10-3). In 40 km-thick model 
crust this would accompany a 10 mW m-2 increase 
in Qh- At a strain rate of 10-,° s-1 this ev would 
require only a few thousands of years, confirming 
that oy^ normally is essentially fully relaxed, 
while cth^ dissipates quickly after heating. 
Thermal stresses are, therefore, unlikely to be 
critical in crustal failure during fracture- 
mediated intrusion.

Uplift-related extension. Unconsidered previously 
for intrusion is that ev affecting layers of a spherical 
planet requires proportional coeval horizontal 
strain, (Price 1959). Uplift thus induces a
tensile stress — ct<hp) = EdL/L, where dL/L is the 
change in length of a chord perpendicular to the 
uplift axis. This ~ becomes mechanically 
significant for uplifts over wide areas above low- 
aspect source regions. For example, for plane 
strain, 250 m of uplift over a 200 km-wide region 
of lower crust with £=10nPa generates 
- {T{5fp) = 8 MPa. Although modest (not shown on 
Fig. 3 for clarity) —rr^'differs importantly from 
thermal dilation, in that it would permanently trans
form initially lithostatic conditions to marginally 
(Ty-dom inant. Moreover, relaxation of — ajr’ 
would create lateral space for cracks. In the above 
example, 6 m of elongation would eliminate the 
residual stress in one horizontal direction.

Source instability
Source instability, i.e. conduit formation and incipi
ent magma ascent, is postulated to require (exclu
sively) loads and deformation effects intrinsic to 
the generation or presence of magma. These are 
considered for our idealized source.

Magmatic driving forces

Driving forces intrinsic to volatile-undersaturated 
anatectic magma contribute to the excess magma 
pressure AP^ (=/5m<i) — P{z)) and derive from the 
positive AVm of melting. The buoyancy and 
hydraulic contributions to APg are written as APB 
and APV, respectively, where APE = APB + APV. 
For magma in deformable rock of greater density, 
p, then APb = ghAp, where g is acceleration due 
to gravity, h is magma body height (/i = [5 — z] if 
the base is at depth S) and Ap is the height- 
integrated density contrast pR — pM (e.g. Johnson 
& Pollard 1973; Gudmundsson 1988). For positive 
Ap, APb increases with h, so the maximum APg" 
is at the body top. For sources a few kilometres 
thick, APb"* is thus less than about 15 MPa. The 
APb(z) curve in Figure 3 is for a magma column 
rooted at z = 40 km with pM = 2300 kg m-3. 
Implications are insensitive to small differences 
in pM.

Volume created by dilative melting is termed 
‘excess magma volume’, EMV. If EMV arises too 
abruptly for full relaxation by inelastic defor
mation, the non-relaxed portion, written as 
EMV*, will generate hydraulic overpressure 
APV by elastic compression of wall rock. For a 
low-aspect ratio source in lithostatic crust, relax
ation of EMV would involve overwhelmingly ey, 
the uplift depending on AVm, mean melt pro
portion M and h, according to ey = AVmM h. 
If the crust cannot deform on an appropriately 
short timescale, such that ev approaches zero, 
then APy would equal the nominal (Ty increase 
in roof rocks, the elastic maximum being Pey 
(Price 1959). For model crust,_assuming wide
spread ev (average crustal E = 5 x 10,oPa; 
Table 1), then AP$" is 100 MPa. For very 
abrupt loading, however, ty would be absorbed 
within a narrower elastic zone. Assuming 
E— 1011 Pa (lower crust) then for a 1 km-zone 
the increase in Oy is 7500 MPa. Such an unba
lanced load would, of course, never arise before 
deformation began. Thus: (i) melting will always 
provoke inelastic uplift, even if strong, abrupt 
deformation were initially required, except if 
EMV* was accommodated another way; and (ii) 
if part of the potential (T increase associated 
with dilation evades relaxation then APy > 0.
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Contrasts in loading style and rate between 
APb and APV

LPf* is at the top of any magma column, e.g. a 
hydraulic nucleus, so for a source developing by 
isotherm ascent dAPl^/dt oc d/i/dr, where under 
stable (non-ffactured) conditions d/;/d/ equates to 
the vertical progress of the isotherm for Mpr. 
Strains induced by APB do not relax APb except 
if these reduce the density gradient responsible. In 
contrast, owing to the hydraulic principle that a 
surface force is isotropic in a static fluid (e.g. 
Shames 1982) then for such an idealized condition 
APV is felt uniformly through all magma contigu
ous with melting rock. Even accounting for 
viscous dissipation by magma flow, this character
istic gives APV great mechanical efficiency over 
APb as an agent of deformation; pressurizing all 
magma effectively instantaneously up to the 
elastic strength of the hydraulic nucleus envelope.

The value of APV attained during dilative 
melting might be assessed from APyax for con
fined dilation and the proportion relaxed, 
written c|>, according to APV = (1 - (|>)APyax. 
However, constraining <]) is difficult, depending 
both on APyax and the strain-rate dependence 
of envelope strength. Nevertheless, dAPyax/dt 
for a developing source will always exceed 
dAPBax/dt because it depends on the volumetric 
rather than linear melting rate. For a source with 
h = 2500 m and Ap — 500 kg m-3 formed in 
8 x 105 years, then dAPjj^/df is 16 Pa year”1. 
If confined, with AVrM = 0.1 and M—0.3, then 
if the whole overburden acted elastically 
dAPyax/df = 125 Pa year”1. If only a 1 km over
burden layer absorbed this load then dAPyax/dr 
would be 9.4 kPa year”1. Instantaneous relax
ation of such APV would require strain at 10”6 
or 10”4s-1, respectively. Thus, first, while 
perfect vertical confinement of a dilating source 
is unlikely, the instantaneous onset, fast augmen
tation and potential magnitude of APV make full 
relaxation by source deformation and uplift 
unfeasible (tj) < 1), at least temporarily, so APy 
will always augment PM, at least initially. 
Second, as crustal materials are elastic at 
strain rates of 10”6 s”1 (Pfiffner & Ramsay 
1982), APV will, at least temporarily, induce an 
elastic response from the rock envelope 
(Rushmer 1995).

Magma deployment — vein system

We may now return to the nature of the hydraulic 
nucleus. For closed-system melting at high 
degrees of melting (M > MRT) this could be an 
anatectic core (Fig. 2b). However, at lower melt 
fractions (0 < M < MRT) the linking of smaller

cavities, i.e. porosity and/or structural cavities, 
would suffice (Turcotte 1987; Sleep 1988; Petford 
1995), Deformation requires deviatoric stress, so 
the latter would be elongate or planar (Simakin & 
Talbot 2001). The failure mode producing such 
structural cavities depends on crd in the host rock: 
if Oj were initially large, deviatoric stress-exchange 
effects and modes other than pure tensile would 
initially occur to reduce this, resulting in various 
types of shear- and transitional-tensile shear-failure 
(Petford & Koenders 1998). Once crd declined 
sufficiently, tensile rupture would be favoured to 
produce mode 1 fractures. Such tensile cracks 
formed in situ would be low-pressure sites into 
which melt would infiltrate by porous flow, i.e. 
veins (Sleep 1988; Stevenson 1989; Petford 1995).

The pressure gradient driving melt segregation 
into veins partly results from buoyancy, compacting 
residual matrix (Sleep 1988; Scott & Stevenson 
1986), and partly from hydraulic loading by dilative 
melting. The influence of grain size, porosity, melt 
density, and melt and matrix viscosity on segre
gation rate are considered by Petford (1995), who 
has shown that for amphibolite melting under con
ditions similar to those considered here, rates of 
porous melt flow into cracks permit segregation 
on an appropriate timescale. The melt fraction 
required for segregation is also considered by 
Petford (1995) and Vigneresse & Tikoff (1999), who 
have shown that the critical melt fraction concept 
for melt mobilization, suggested by Wickham 
(1987) as M>0.35, is illusory. Connectivity of 
porosity to permit melt migration occurs at some 
much lower M = (Vigneresse el ai. 1996).

Within the porous zone (0 < M < MPT) of the 
source (Fig. 2a), melt could infiltrate into veins 
only from intersecting pores. However, in the per
meable zone (M^ < M < MRT) veins would 
drain magma from the contiguous porosity reservoir 
given an adequate pressure gradient. Notably, there
fore, as the development of a permeable zone and 
vein formation within it would occur at lower M 
than required for an anatectic core (Fig. 2a), and 
since melt segregation into veins would represent 
open-system behaviour with respect to the original 
porosity, the formation of a hydraulic nucleus com
prising one or more sets of veins will probably 
always predate, and thus preclude, anatectic core 
formation. This agrees with observations of 
magma deployment in formerly partially molten 
lower crustal rocks, which vary from weakly 
porous protolith cut by vein networks (Daczko 
et at. 2001; Klepeis et al. 2003) to gneissic rock 
conspicuously segregated into veins and protolithic 
schlieren (Sawyer 1991, 1994). The magmatic 
loading effects required to generate such vein net
works in the absence of regional stresses are 
as follows.
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Magma-intrinsic deformation effects 
meeting source rupture criteria

A vein system provoking source instability, i.e. 
magma ascent, must comprise at least one set of 
subvertical cracks. Three criteria for vertical 
tensile rupture are: (i) <t3 = th; (ii) ora at 
failure = 0.3-1 th; and (iii) 03 = o-H (Anderson 
1951; Roberts 1970). These are met by a combi
nation of magma-intrinsic deformation effects: (a) 
development of an effective tensile stress field 
owing to magma pore pressure: and (b) reduction 
in oj owing to stress exchange between principal 
stress directions through the wedging effect of over
pressured magma in planar cavities. Tensile loading 
may obtain under extreme extension but aH at depth 
is generally compressive. Mode 1 hydraulic fracture 
thus requires an effective tensile stress field induced 
by the pressure of magma in cavities (Fig. 4) analo
gous to how pore fluid reduces the normal stress 
(rrN) on potential failure surfaces to permit tensile 
jointing (Hubbert & Rubey 1959; Secor 1965). 
Whereas for small, equant pores in brittle rock the 
effect of pore pressure is isotropic, however, the 
primary porosity in melting rock might initially 
be elongate or planar. The source matrix may also

failure

transitional tensile 
shear failure

tensile/ 
failure T-

tensile
strength

Hg. 4. Mohr diagram (shear stress. <rs v. normal stress, 
crN) showing two stress fields (A, B) with, respectively, 
large and small differential stress (o*) to illustrate the 
effect of magma pore pressure. The effect is to reduce 
the normal stress, o-N, on actual or potential fracture 
surfaces so that the effective stress. oN*. becomes 
<tn — PM. Stress field A cannot achieve tensile rupture 
once pore pressure PM is accounted for. as oj is too great 
to allow intersection with the tensile part of the 
combined failure envelope (CFE). Stress field B can 
achieve tensile failure once oj becomes equal to the 
tensile stress t. Failure conditions are shown by the 
black dots. Note that the increase in principal stress 
values to generate a pseudo-lithostatic pressure spike 
around the source as a function of the magma pore 
overpressure has been omitted for clarity.

deform inelastically, permitting deviatoric stress 
changes prior to tensile rupture.

If ad were initially too high to permit tensile 
failure then deviatoric stress changes must first 
occur to reduce this. Without remote loading, this 
is explained by the orientation-dependency of 
stress exchange between pressurized cracks and 
their surroundings - the magma wedging effect 
(Jaeger & Cook 1976). Tensile cracks dilate selec
tively in the direction o-3 (Anderson 1951), the 
effect of their internal pressure (PM) being to 
augment a3 towards PM. while the ambient contri
bution to PM is <t3 (Parsons & Thompson 1991). 
Thus, the effect of an internal excess magma 
pressure APE (=/,m — 03) in a crack is first to 
raise ct3 —► (t2 until <t2 5:3 n's* when dilation would 
be favoured normal to both minor principal stress 
directions (Fig. 2). If two orthogonal sets of 
cracks were present, subsequent dilation of both 
would cause ff2 and o-3. now coupled, to augment 
together incrementally (Vigneresse et al. 1999). 
Parenthetically, this helps meet criterion (ii) given 
earlier, facilitating tensile rupture in the second 
orthogonal plane. Further dilation of both sets of 
cracks increases (o-2 « o-3) —♦ (Tj until o^ ss (r2 « <r3. 
Under such a condition, rupture or dilation is essen
tially equally favoured in all three planes and, if not 
already present, formation of a third orthogonal set 
of cracks becomes favoured. In practice, if three 
orthogonal sets of cracks are present, each would 
tend to dilate alternately if overpressured, augment
ing all principal stresses, until their degree of inter
connection allowed the whole network to inflate 
isotropically. The order and significance of 
stress-axis switching would depend on the original 
stress field and boundary conditions. If criterion 
(ii) given earlier were not initially satisfied, then 
dilation of primary porosity would first induce 
chaotic, plastic, shear or transitional tensile defor
mation of the matrix more immediately favoured 
to reduce o-d. Only after o-d were reduced could 
organized tensile rupture and vein inflation begin.

In a porous melting zone, dilation of overpres
sured cracks would, if EMV* were available to 
diminish ad sufficiently, result in the development 
of orthogonal vein sets and a pressure spike 
around the source. This near-isotropic stress state 
elevated with respect to the starting condition is 
designated ‘elevated - pseudo-lithostatic’. Note 
that the pore pressure value PM, portrayed in 
Figure 4 as equal to the initial lithostat, would 
thus in practice evolve from an initial state 
(^m = 03 < tfi) towards a magmatically elevated 
pseudo-lithostatic state (Pm = rr3 « cti). However, 
as the reduction in oN by pressurized porosity 
would always reduce the effective cr3 back 
towards 0 because Pm = tbe complex
evolution of the pore pressure and pressure spike
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is omitted from Figure 4 for clarity (but see Fig. 6 
later).

Whereas crd must normally diminish to yield 
tensile rupture conditions, it must nevertheless be 
non-zero and approximate the local tensile strength, 
t. Some process generating o-d must therefore 
operate if the source is to undergo further mode 1 
rupture once homogeneous inflation has begun. 
This is satisfied by another feature of dilative 
melting, which is that a low-aspect source, even 
homogeneously inflated, will behave essentially as 
a large horizontal crack. Inflation would induce ey 
(uplift) with ongoing diminution in o-H owing to 
uplift-related horizontal stretching, and/or a 
temporary dynamic augmentation in try. This pro
vides another way to achieve criterion (iii), given 
earlier, by non-relaxed source dilation causing a 
dynamic rise in try in rocks above the source such 
that (Tyj —► o-vl. These effects would maintain o-d 
as non-zero and oy = or,, as illustrated graphically 
in the following subsection.

Source rupture

Rupture scenarios are distinguished by the pre
existing stress field: (a) lithostatic or o-H-dominant; 
and (b) cry-dominant. Triaxial rupture is discussed 
separately. Two type (a) cases are shown in 
Figures 5 and 6. where thermal stresses oh and 
uplift-related stretching — crjlf are superimposed in 
the sequence heating-uplift, together with the 
application of APV from dilative melting. In 
Figure 5. the initial lithostat crL [1] is the model 
(Tv(I) curve from Figure 3. The addition of a 
modest horizontal compressive thermal stress, 
cr gives [2] but cooling returns this to the litho
stat, showing that criterion (iii) cannot be met by 
thermal stress relaxation. In contrast, a modest 
uplift-related tensile stress contribution. — a^. 
reduces crH to cth^up), which for clarity is shown 
only in the accompanying Mohr plot (Fig. 5b) as 
[3]. Thus, if — cr(yp) exceeded the local tensile 
strength of the source rock, as is likely for the wide
spread uplifts considered here, then after relaxation 
of any oh . (tH3 becomes cth3UP) [4], This stress dis
tribution satisfies all criteria for vertical rupture 
once the effect of magma pore pressure is accounted 
for [5],

Figure 6 illustrates partly non-relaxed source 
inflation with the same initial lithostat fl] and 
o-JJ1' neglected for clarity. Melting generates 
excess magma volume EMV too rapidly for com
plete relaxation (d> < 1) so EMV* generates APy 
in the non-fractured source porosity. This raises 
cry and a-H, coupled owing to magma wedging, 
to a magmatically elevated pseudo-lithostatic 
state shown by the arbitrary thick grey line ctl 
[2], Note that the degree of magmatic stress

augmentation in the pressure spike is exaggerated 
for clarity. If uplift were to accompany this internal 
overpressure development, then — o-hp) would 
subtract from <Tl to give ith3-up> [3], with ctv 
becoming cryj). Conditions for vertical rupture are 
met at [4],

Figure 7 shows the case where the starting stress 
state is ay-dominant. The curve aj^ from Figure 3, 
again, is only illustrative. It might represent residual 
stresses following tectonic extension, or derive 
from crustal subsidence into the source (see 
below). Thermal stresses are neglected. The initial 
av and aH are shown as [ 1) and [2] (Fig. 7). Non-

(a)

not shown

1000 1200

Fig. 5. Idealized rupture scenario for modestly 
(TH-dominant conditions, (a) Depth-stress plot, (b) 
Mohr diagram. The plots show stresses at the vertical 
source axis. Models refer to an idealized. 5 km-thick. 
C-type source region in idealized lithosphere (Table I). 
Mohr plots refer to stresses at the top of the porous zone.
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1000 1200 1400

Fig. 6. Idealized rupture scenario for modestly 
o-H-dominant conditions with magmatically elevated 
lithostatic stress, modified by uplift (a) Depth-stress plot 
illustrating rupture conditions after swelling and uplift, (b) 
Mohr diagram showing magmatic elevation of lithostat. 
(c) Mohr diagram showing rupture conditions. The model 
source is 5 km thick (Fig. 2).

relaxed magma dilation in pores takes up the hori
zontal slack within the source, increasing cth to a 
magmatically elevated state [3], which
approaches rrv. At the source top. criterion (i) is 
met by default owing to melting, so if (t^°+M) 
exceeds th- criterion (ii) is satisfied for rupture. 
Vertical cracks form owing to (tVi. Prograde 
failure as (tH3 approaches Oyi occurs at [4], but 
note that cracking would first initiate in the source 
interior where melting begins. Note that retrograde 
rupture is also conceivable, where o-H declines from 
an initially lithostatic or elevated pseudo-lithostatic 
state owing to lateral crustal tension.

1000 1200
<Ty (MPa)

(b) (<*)

Fig. 7. Idealized rupture scenario for av-dominant 
conditions modified by source swelling, (a) Depth- 
stress plot illustrating prograde rupture by source 
swelling, (b) Mohr diagram.

Excluding ad hoc changes in remote loading, 
therefore, the simplest and most likely trigger for 
source rupture is uplift-related tension, with or 
without a dynamic elastic cry increase. Preferred 
crack geometry depends on the stress field as 
failure is approached. Rupture under o-y-dominance 
requires horizontal inflation for prograde vertical 
cracking or uplift for retrograde rupture. For an 
initially compressive confining stress, horizontal 
ruptures form first. Dilation of these allows vertical 
inflation, equalization of oh ar|d ov- ar>d a dynami
cally elevated and low o-d stress state. If the vertical 
load is initially oyi. the first cracks are vertical and 
so the source is inherently unstable; inflation could 
continue only if magma cannot discharge faster 
than EXtV* develops. Although having implications
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for extensional and compressive settings, we con
tinue to analyse the idealized intraplate case.

Three-dimensional source rupture geometry

The internal rupture pattern will control magma 
dynamics during segregation, dyke propagation 
and source drainage. For a region of symmetric 
doming, triaxial notation (o'! ^ tr2 # 03) is 
needed to describe the stress field, with principal 
stresses configured as in Figure 8. Here, Ohr and 
ctjjc ‘ire, respectively, the radial and circumferential 
horizontal axes of principal stress. Ohr is the hori
zontal confining stress, while cthc varies only by 
Poisson’s effect or by magma wedging, so their 
magnitudes are semi-independent. Under initially 
weakly OH-dominant conditions, as for Figure 5, 
triaxial stress fields with try = cr3 favour horizontal 
cracking and are shown in Figure 8 as (a) and (b). 
Of these, (a) is relevant to a dilating source where 
ohr > crhc owing to lateral confinement. From 
these states, a reduction in one of the horizontal 
stresses below o-v, or an increase in crv above the 
lesser cth owing to vertical source inflation, would 
cause (a) and (b) to reconfigure, respectively, to
(c) and (d). The new fr3, either ohcs (c) or OnRa
(d) , would induce a new preferred crack geometry 
(Roberts 1970; Gudmundsson et al 1997); vertical, 
radial and pure tensile for (c), and transitional- 
tensile ring fractures for (d). After such a switch, 
however, failure would still require t, the tensile 
rock strength, to be exceeded. Thus, if (tHr and 
oRc were initially comparable, 0V2 might change 
to ovi while crj-n —»{TV2, giving a second switch 
from (c) to (e) or (d) to (f). Under star ting conditions 
where ov = (U tire initial preferred crack geometry 
is vertical. Depending on tire confining stress and 
relative magnitudes of o-Hr and o-HC, this cone- 
sponds eitlrer to radial fractures (c) or (e) or ring 
fractures (d) or (f); radial fractures again being 
favoured by lateral confinement. Once an initial 
fracture set had developed, either horizontal or 
radial, the wedging effect of magma within it 
would be to augment 03 —» and subsequently 
era —s- <7i, as described previously. Thus, ultimately, 
the fracture system within a domical inflating 
source would come to comprise a network of inter
connecting flat-lying and radial veins. The develop
ment of circumferential fractures would be strictly 
limited by the elastic compressibility of the rock 
mass and radial confining stress.

Failure within a developing source would 
initiate where melting begins at the base and at 
the centre of the uplift responsible for source 
rupture where — is greatest. Numerical simu
lations of internally and vertically loaded cavities 
in elastic media support initial central failure as 
tlie horizontal tensile stresses concentrate over the

centre of a swelling low-aspect body if deeply 
buried (Tsuchida et al 1982; Marti et al. 1994; 
Gudmundsson et al 1997, 1999). AFb0* also 
occurs beneath the source apex, possibly exceeding 
t for a tall source, also favouring central failure. 
Under o-H1, peripheral tensile failure would not 
induce source instability because the magma 
could not ascend in resulting sills. Rather, these 
would locally increase crv by wedging, stabilizing 
the source for further inflation. Vertical radial frac
tures developed in a stress field caused by doming 
could initiate at the inflation axis, consistent with 
predictions concerning the initial failure locus. 
Radial cracks have been simulated in experimental 
doming (Komuro et al 1984; Marti et al. 1994) and 
observed in natural cases of magmatic tumescence 
(Muller & Pollard 1977). Indeed, lithospheric-scale 
fractures at Yellowstone form part of a huge radial 
array (Glen & Ponce 2002).

Tensile cracks in a flat extending layer are 
spaced proportional to its thickness, the total 
strain determining average crack width (Bai et al. 
2000). Although such relations are more complex 
for radial geometries, a useful point emerges for 
source regions. Progressive melting will form 
cracks whose spacing and width increase as h, 
many thin veins localizing into few cracks at the 
top. Constant spacing and width would indicate 
instantaneous rapture.

Petford et al (1994) estimated that dykes 
approximately 6 m wide would allow felsic 
magma to traverse thick crust. In contrast, Rubin 
(1995), applying the thermal entry length concept 
(Delaney Sc Pollard 1982), asserted that elastic 
felsic dykes could never achieve criticality. In an 
infinite elastic medium, the crack width depends 
on APe and E (Pollard 1987). However, multiple 
cracks interact, while tensile stresses will relax on 
rapture, providing additional space. Uplift, for 
example, generates tens of metres of horizontal 
extension across a wide source region. Predicted 
radial cracks meeting centrally will form a nexus, 
focusing space gained across such a region at a 
natural conduit, as illustrated in Figure 9. Radial 
dykes would also remain vertical across a domical 
uplift along the slightly dipping stress trajectories 
associated with lateral gradients in ev.

Intrusive architecture

The key mechanical problem in fracture-mediated 
intrusion is the generation of a vertically extensive 
tensile fracture system and its transition to horizon
tal propagation at shallow depth (Vigncresse et al. 
1999). To understand how this might occur, 
account must be taken of stress criteria (i)-(iii) 
given earlier, which continue to apply above the
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= cr,
= cr,
= cr-

\ /
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= cr,

= cr,
= a.

= cr.
= cr.

= cr.
= cr,

Fig. 8. Axisymmetric stress fields and preferred tensile crack-system geometries. Shading indicates magma-filled 
cracks. Stress fields (a) and (b) favour sills, (c) and (e) favour vertical radial dykes, and (d) and (ff favour ring 
dykes or cone sheets. Large arrows linking cases indicate principal stress-axis changes due to magma wedging 
(discussed in the text).
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conduit core

radial dyke

source

Fig. 9. Cartoon to illustrate preferred radial 
crack-system geometry propagated from a hydraulically 
inflated source region. Radial dykes meet at a nexus that 
efficiently focuses lateral dyke space across the 
projected area of the source into a central pipe-like 
conduit. The number and in-plane geometry of radial 
dykes is conjectural.

source. Of these, criterion (iii) is most significant; 
the wedging effect of overpressured magma in ver
tical cracks will augment o-H in wall rock until the 
stress field favours horizontal fracture, and dykes 
must reorient to sills (Parsons & Thomson 1991; 
Vigneresse et al. 1999). This magma-wedging 
effect provides the simplest explanation for dyke- 
sill and sill-dyke transitions (Bradley 1965; 
Roberts 1970; Johnson & Pollard 1973), which 
must be understood if we are to explain why a 
transition from dyke to sill propagation does not 
prevent a magma fracture system from extending 
to shallow depth, but does occur once it reaches 
such a depth to generate the tabular plutons 
observed there. Other ideas for how dykes trans
form to sills have invoked neutral buoyancy, i.e. 
magma-rock density contrast (Gilbert 1877; 
Pollard & Muller 1976; Ryan 1987; Corry 1988; 
Lister 1991), or dyke-stopping by stress guides 
(Weertman 1980; Gudmundsson et al. 1999; 
Hogan & Gilbert 1995; Hogan et al. 1998). 
However, neutral buoyancy is inconsistent with 
density relations between felsic magmas and 
crustal lithologies, gravity anomalies over felsic 
plutons (Vigneresse & Clemens 2000) and experi
mental evidence (Takada 1989), while our assump
tion of idealized crust negates dyke-stopping by ad 
hoc features of regional stress and structure. Here, 
therefore, we adopt the simplest criteria for sill 
intrusion, that: (1) 0^ = 03 (Anderson 1951; 
Roberts 1970); and (2) that the crack contents 
have sufficient overpressure to rupture and displace 
the rock envelope, stated by Bradley (1965) as 
Pm = (rv + Ty. where tv is the vertical tensile

strength. To examine the consequences of such con
straints we analyse how the intrusive stress field 
varies with depth above an inflating source and 
under what conditions such criteria would allow a 
vertically extensive crack system to develop and 
the transition to shallow sill emplacement.

Depth-stress relations

Figure 10 shows depth-stress relations for ideal
ized magma columns in model lithosphere under 
previous conditions (Figs 5-7). These are presented 
with three caveats. Crack propagation is effectively 
assumed for any APE, as justified by stress- 
intensification effects at crack tips (Pollard 1987; 
Emmerman & Marret 1990). Viscous pressure 
losses (AP|osscs) are considered only qualitatively; 
the detailed crack geometry is unknown so the 
plots suggest preferred fracture geometry only 
after magma has come to rest and equilibrated 
with local stresses. Variations in magma properties 
owing to cooling are also neglected (but see 
Clemens & Mawer 1992, Petford et al. 1994).

Conditions lithostatic to On-dominant. In 
Figure 10a. curve AB is the APB(Z) curve for a 
model magma column (Fig. 3). Curve CD 
(Fig. 10a) is the initial lithostat (Fig. 5), while 
CEFD is the uplift-modified horizontal stress 
OH3Up). Heavy dashed arrows (Fig. 10a) are 
hypothetical driving pressure gradients. Curve BD 
adds APB)r) to o-V(Z) and thus represents the pressure 
of a static magma column (Pm(z>) neglecting any 
APV and APiosscs. Such a column locally exceeds 
o-V(z) and is thus unfeasible, as by magma 
wedging it would cause (rH to become o-| inducing 
horizontal cracking and sill injection just above the 
source. Incorporation of APV with (1) further aug
ments PM(Z), exaggerating this tendency. If APV is 
neglected, then AP|osses of 20-40 kPa m-1 give tra
jectory (2), taking Pm(i) below A column
with such a Pmu) distribution could not maintain a 
vertical fracture open against <TH3(r). so to the left 
of CEFD remote extension is required to create 
lateral dyke space. Trajectory (3), following the 
reduced o-^.), is one of a set of viable gradients 
in the region CEFD. where Pm(;> balances o-H3(;) 
without overcoming o'y i(;). However, rather precise 
APiosscs (c. lOkPam-') are needed. If APV and 
APb were also considered, then these additional 
forces must also be balanced by viscous 
pressure losses.

Conditions 0\-dominant. Figure 1 Ob is for o-vl con
ditions (Fig. 7) caused by uplift or dynamic source 
inflation, or a horizontal stress drop (see below). 
Curves AB and CD again represent APB(.) and 
o'vd)* while EC is ohj* (Fig. 3). CFGH (Fig. 10b)
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Fig. 10. Depth-stress plots illustrating factors influencing intrusive system architecture, (a) For rupture under 
modestly (TH-dominant conditions, (b) Rupture under txv-dominant conditions accompanying a horizontal stress drop 
(see the text).

is trH3(1) elevated by source dilation, such that 
rupture criteria are met. HB is the predicted Pwhz)
for A Pi---- = 0 in lithostatic crust, derived by
adding APB(-, to Pmuv Curve BJH adds APB(Z) to 
the magmatically elevated o-h?+M) distribution 
(CFGH) to give PM(Z) for a buoyant column 
(without APV or APy^^). Ignoring thermal 
factors, a column on trajectory (2) could extend as 
one or more dykes to approximately 10 km depth, 
where APBu) plus oh^.) would exceed o-v<Z). If 

Iomci balanced APB exactly, the Pmu) curve 
would be GFC (3), for which APB(Z) crosses aHi 
at shallow depths, here approximately 7.5 km. The 
cross-over between APB(j) (minus t) and <TW(t) rep
resents a critical depth /. at which static columns, 
i.e. those that stagnated, would be forced to 
intrude as sills by their buoyancy alone.

Constraints on intrusive architecture

Together with the differential between rrv and o-H. 
magma wedging is the major constraint on crack- 
system development because the greater is Pm<;)- 
the more abruptly will dykes reconfigure the stress 
field, initiate failure normal to the new aj, and 
inject as a sill. Notably, for a deep-sourced, static 
magma column, even if APV is negligible, APB is 
sufficient on its own to induce this switch once it 
has reached shallow depth, w'hich partly explains 
why sills are shallow. Paradoxically, viscous

dissipation of APE favours dyke stability and 
magma transport to shallow levels. The main diffi
culty, however, is the wedging action of APV. Under 
most conditions this promotes (TH-dorninance just 
above the source, after a small vertical overshoot 
proportional to the rock strength.

One solution to this problem is that an over- 
pressured magma column might develop as alter
nating vertical and horizontal cracks (Corry 1988; 
Vigneresse et al. 1999). Two other possibilities 
are identified. First, dynamic elevation of ov by 
source inflation and reduction of cth above a devel
oping low aspect ratio source by uplift-related 
stretching would increase the o-d gradient, driving 
magma upwards and stabilizing vertical fractures. 
Dynamic overburden support could only occur 
during source inflation, however, while its effects 
would be restricted to the pressure spike around 
the source. Second, if total crack volume came to 
equal EMV*, then APV would be exhausted by 
crack-system enlargement, halting hydraulic crack 
growth. Without further EMV*, and thus AfV the 
driving force for magma fracture would be limited 
to buoyancy. However, if melting continued after 
initial APV (stored as elastic energy in the 
source-region envelope) was exhausted, stable 
crack growth would be expected, with EMV* 
accumulation matched volumetrically by crack 
growth. Given simple propagation criteria, the 
crack system would grow in its initial configuration
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until the build-up in &PB with column height forced 
conversion to a sill at a shallow depth during a tem
porary period of stasis. This possibility is examined 
after considering the implications of sill emplace
ment for space relations.

Magma emplacement
The scale of magma emplacement generating large 
intraplate intrusions is illustrated by two well- 
studied examples in Figure 11: the Lebowa 
Granite (LG), South Africa (Kleeman & Twist 
1989; Ferre et al. 1999); and San Juan Batholith 
(SJB), USA (Plouff 8c Pakiser 1972; Lipman 
1984). These batholithic bodies intruding thick, 
intraplate crust have low-aspect, sill-like cross- 
sections. lobate plan-forms and known or inferred 
central conduits, consistent with Figure 1. Their 
short emplacement histories agree with the pro
posed intrusion timescale. The LG is a Proterozoic

alkali granite sill complex capping the Bushveld 
intrusion in 45 km-thick crust, which crops out 
over 66 000 km2 (Fig. 11a). It is a saucer shape. 
1.5-3.5 km thick, 190 km in radius, dipping 
inward at less than 15 ° (Kleeman & Twist 1989; 
Ferre et al. 1999). The aspect ratio is 0.01 and it 
has a volume of approximately 120 000 km3. Its 
10 or so sheets were injected at approximately 
5 km depth via vertical dykes over about 1.8 Ma 
(Walraven et al. 1990; Walraven & Hattingh 
1993). The mildly alkaline SJB (Fig. 1 lb) intrudes 
35 km-thick crust of the Colorado Plateau 
(Lipman 1984). Only apophyses are exposed, but 
a negative Bouguer anomaly of more than 
15 000 km2 (Plouff & Pakiser 1972) defines three 
lobes approximately 100 km in radius. Gravity 
models suggest a domed roof, 7 km deep peripher
ally, less than 1 km centrally, giving a thickness of 
approximately 10 km, aspect ratio 0.03 and volume 
of approximately 30 000 km3. After 1-2 km of 
regional doming (Atwood & Mather 1932) and

Fig. 11. Example giant intraplate intrusions to the same scale, (a) Lebowa Granite (LG). South Africa. Simplified map 
after Ferre et al. (1999). Light and medium shading represent hidden and exposed LG rocks, respectively. Heavy 
shading is the Rustenburg ultramafic suite. Inset map gives location: A'C, Kapvaal Craton: SC. Bushveld Complex; 
A, Atlantic Ocean; /. Indian Ocean, (b) San Juan Batholith, USA. Map showing selected gravity contours enclosing 
related surface structural features (Lipman 1984) after Plouff & Pakiser (1972). The -280 mgal contour defines the 
northern lobe, while the —250 and —280 mgal contours define the southern lobes. Medium shading, batholith 
(inferred); light shading, collapse calderas; continuous hachured lines, faults. CCG. Clear Creek graben: RG. Rio 
Grande graben. Inset map gives the location: Co. Colorado State; G, extent of main Bouguer anomaly; VF. San Juan 
mafic Volcanic Field after Lipman (1984). Circles have scale radii of 100 and 200 km.



20 G. J. ABLAY ETAL.

central volcanism. the SJB took around 3 Ma to 
emplace and cool (Lipman 1984). Implications of 
these observations are considered below.

Sill emplacement

Sill inflation involves vertical displacements - roof 
up. floor down. For an idealized circular sill with 
radius a initially small compared to its depth D. 
the simplest model is that of a mode 1 crack in an 
infinite medium under uniform internal APe 
(Gudmundsson 1990). For this case, expressions 
for the symmetric deflections (±W), radius and 
volume given by Sneddon (1951) are repeated in 
the Appendix. These are plotted in Figure 12, 
which shows, however, that large, tabular bodies 
like the LG and SJB are much thicker and less lat
erally extensive than elastic cracks of equivalent 
volume predicted using these expressions. This is 
not surprising, as natural intrusions are lobate and 
intrude beneath a free surface. The additional thick
ness and volume of sills is thus attributable to over
burden flexure and/or floor depression.

-PF= 15MPa

Fig. 12. Maximum deflection W'a*“ and radius, a, 
v. volume. V, for pressurized cracks in infinite host rock 
with v = 0.2, £ = 5 x 1010 and A^e = 15 MPa. Thick 
crosses, parameter estimates for Lebowa Granite (LG) 
and San Juan Batholith (SJB). For crack radii and 
thicknesses equivalent to the Lebowa Granite or San 
Juan Batholith. VV,n,“ values are too low to explain them 
as single sills (although the approximate 100 m 
thickness of individual LG sills does coincide with 
predictions), while predicted radii for cracks with 
volumes of the LG and SJB are far greater than 
observed, unsurprising since the a/D ratios of these 
plutons violate elastic crack geometry owing to the 
free surface.

Roof uplift

To model laccolithic uplift, sill roofs are treated as 
elastic plates (Pollard & Johnson 1973), in which 
case the key assumptions relate to elastic plate 
thickness and the role of shear stresses 
(Timoshenko & Goodier 1987). For sills with 
a/D » 1, a thin-plate model can be used, while 
for a/D<g. 1, a thick plate model is required 
(Gudmundsson 1990), in which significant vertical 
and shear stresses yield smaller normalized deflec
tions. Expressions for these cases are given by 
Ugural (1981) and repeated in the Appendix. Not
withstanding the appropriateness of plate flexure 
models for thin sills, laccolithic doming by roof 
flexure cannot account for the additional volumes 
of giant sills, however, since those with significant 
a, exceeding approximately 30 km, would generate 
implausibly high (>5 km) domes, not observed 
on Earth (Lipman 1984). Indeed, for the LG 
(Fig. 1 la) any uplift must have been reversed as it 
displays the saucer shape of some smaller elastic 
sills, while strata above the much thicker SJB 
were uplifted by only about 1.5 km (Atwood & 
Mather 1932). The additional thickness and 
volume of giant sill intrusions therefore results 
from floor depression.

Floor depression

All sills experience minor elastic downward deflec
tion of the floor by APE (see above) and the weight 
of the magma, although these are negligible 
(Gudmundsson 1990), implying another contri
bution to floor depression, suggested by Lipman 
(1984) as 'gravitationally-driven down-warping of 
rocks at lower crustal depths'. This idea has 
been proposed in various forms (Branch 1967; 
Bridgewater et al. 1974; Whitney & Stormer 
1986: Cruden & McCaffrey 2001). In the model 
preferred here (Cruden 1998, 2006) it involves 
mechanical decoupling of sill underburden from 
sill overburden, and subsidence of the former into 
the source region by ductile shear of plastic lower 
crust and passive subsidence of brittle upper crust.

Buoyancy pumping

Subsidence of the crustal region between source 
roof and sill floor (sill underburden) has numerous 
effects. It creates sill volume by floor depression, 
influencing its cross-sectional and plan geometry. 
By reducing direct support for the sill roof it sup
presses laccolithic uplift. Foundering also provides 
a powerful mechanism for expelling source con
tents owing to the buoyancy of the latter and 
would simultaneously process non-melted protolith 
down through the melting zone. Subsidence would
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also tend fully to drain and compact source regions, 
eliminating relicts of their evolution. Finally, for a 
domical source region, subsiding sill underburden 
would experience a component of horizontal exten
sion and reduction in (th> with implications for 
magma transport in dykes traversing the 
subsiding region.

Ductile subsidence thus explains shallow intru
sion volumes and provides a major drive for drain
ing source regions. The onset of subsidence defines 
a relaxation time for the crust determined by the 
geometry and properties of the subsiding region. 
However, since the source must already support 
the sill overburden hydrostatically, for magma 
within it to feel die incumbent load, underburden 
relaxation would probably always predate shallow 
sill intrusion. The effective viscosity of subsiding 
crust exceeds that of magma in the system by 
many orders. Thus, the former would always 
control the subsidence rate. If a conduit was kept 
open between source and pluton, magma would be 
expelled passively upwards by buoyancy. This 
process is designated buoyancy pumping. If, for 
some reason, the conduit were shut, the negative 
buoyancy of the subsiding underburden would be 
transmitted to magma within the compacting 
source as a hydraulic load, which would pressurize 
all magma within the isolated source and closed 
conduit system, tending to force the latter to 
reopen. However, the crn-drop affecting crust sub
siding into a domical source would provide suffi
cient additional lateral space for conduits within 
the underburden as to make it unlikely that conduits 
would close during buoyancy pumping.

The subsided volume depends on source and 
sill geometry. It may be evaluated approximately 
using the expression for simple shear e — \Y/a, 
where Y is the maximum vertical displacement and 
a the radius of subsidence. For Y — 3 km and 
a — 60 km then e is 0.025. Although strict knowl
edge of parameters is lacking for specific cases, it 
is noteworthy that at a typical ductile strain rate of 
l0-t4s-1 (Pfiffner & Ramsay 1982) such strain 
could occur in approximately 80 000 years. In this 
example, where the subsided volume is some 
30 000 km3, equivalent to the SJB, the downward 
volumetric underburden flux <2u would be 0.4 km3 
year-1 at 10_14 s_t or 4000 km3 year-1 at 
10~10s-1, consistent with estimates by Cruden 
(1998, 2006). Underburden subsidence at ductile 
strain rates can thus readily account for the short 
emplacement timescales of large intrusions.

A geometric consequence of subsidence into 
domical sources is that the greatest vertical move
ment is central, so the subsiding region undergoes 
subhorizontal elongation. This effect is exaggerated 
by the weakest underburden around the hot conduit 
relaxing first, consistent with funnel-shaped pluton

feeders (Vigneresse 1995a) and centralized down
sagging of pluton floors (Bridgewater et at. 1974). 
Stretching of subsiding crust, in lieu of any tensile 
failure, thus yields a temporary reduction in the 
horizontal compressive elastic stress. This can be 
estimated for 2D simple shear by considering a 
region initially 100 km wide subsiding 3 km at 
one end, generating layer-parallel stretching 
gh = 0.00045. Ignoring the slight non-coaxiality 
of this with respect to the original stress field, this 
gives a tensile subsidence-related elastic stress con- 
tribution -o,(fbs)of 22.5 MPa for E = 5 x 1010 Pa, 
which would stabilize vertical cracks and/or create 
additional lateral space for dykes. The reduction of 
cfh below lithostatic explains the significance of a 
major CTH*drop for hypothetical magma ascent tra
jectories (Fig. 10b). In the example above, 
GHbs = 0.00045 equates to 45 tn, so for our model 
case, subsidence provides 10-20 times more 
lateral space than the uplift responsible for 
rupture. Given efficient focusing of this space 
across the subsided region into existing conduits, 
sustained magma flow during buoyancy pumping 
is assured.

System volume
The intrusive ‘space problem’ has long been recog
nized (e.g. Brown 1994). However, crustal decou
pling at the intrusion level and subsidence into the 
source explain how, simultaneously, intrusion 
volume is created by floor depression, magma is 
transferred under buoyancy and the source is com
pacted (Cruden 1998, 2006). The key outstanding 
problem remains to explain how the fracture 
conduit system linking source to shallow intrusion 
initially develops given that A/V although critical 
for source rupture, also promotes reorientation of 
dykes to sills at some small height above source. 
Central to resolving this is that APVi as a hydraulic 
load, will decline to zero if the instantaneous EMV* 
creating it declines to zero. This might occur if 
melting ceases (EMV —> 0) or if the cavity system 
enlarges volumetrically by non-recoverable strain 
by an amount equivalent to EMV*. Under such cir
cumstances APV 0. so the problem of magma 
wedging by dykes vanishes. We designate any 
intrusive system for which APV > 0 as being in a 
state of hydraulic inflation.

Hydraulic inflation

To consider how a vertically extensive conduit 
develops we disregard cessation of melting as an 
ad hoc function and because generation of the 
initial vertical crack system requires source 
rupture and ongoing dilative melting. The EMV of
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a developing source is accommodated by cavity 
system enlargement in three ways: (i) elastic com
pression of wall rocks, generating APV as stored 
elastic strain, the non-relaxed portion being 
EMV*: (ii) inelastic source dilation, which for a 
low-aspect source involves essentially uplift; and 
(iii) volumetric growth of the crack system 
outside the source as dykes and sills. Of these 
sinks for EMV. we may write that EMV* = (1 — 
[<b + T)]) x EMV. where <{> and t| are the pro
portions of the instantaneous EMV relaxed by (ii) 
and (iii), respectively. Hydraulic inflation may be 
understood by considering relations between <J), -p 
and EMV*. partitioning of which depends on their 
efficiency at converting EMV into work. Since 
each relaxes the same initial load, they may be 
qualitatively compared non-dimensionally. 
Figure 13 illustrates how, for an idealized magma 
system with constant volumetric melting rate, this 
partitioning of EMV relaxation defines four 
hydraulic subregimes.

Disequilibrium source dilation. At the onset of 
melting, prior to rupture, there is no crack system, 
thus -q = 0. EMV partitions between a non-relaxed 
portion (EMV*) generating hydraulic overpressure 
(APy) of pore-bound magma and a portion 
relaxed by inelastic uplift 6 (Fig. 13). Given that 
the onset of inelastic uplift requires a relaxation 
time for host crust, at the onset of melting = 0. 
The disequilibrium dilation subregime occurs 
during this period of crustal relaxation and is thus 
characterized by an initially large EMV* that 
declines abruptly as uplift (<i>) begins. Once uplift 
has begun, the partition of uplift <}> abruptly 
increases, while EMV* concomitantly decreases 
owing to the crust’s free surface, weakness in 
flexure and susceptibility to inelastic eV-

Fig. 13. Partitioning of release mechanisms for 
potential energy represented by excess magma volume. 
EMV. between inelastic uplift. <!>. elastic compression 
generating hydraulic overpressure. EMV*, and 
volumetric crack growth during hydraulic inflation, q. 
Inflation subregimes are labelled.

Deformation during disequilibrium dilation thus 
involves spatially abrupt variations in AFe and 
temporally abrupt variations in failure mode, geo
metry and deformation rate within the source, 
acting to smooth initially strong internal variations 
in o-d caused by an uneven distribution of 
pore overpressure.

Equilibrium source dilation. Because ev readily 
occurs, uplift is favoured over elastic compression 
of wall rock to increase source volume and relax 
EMV. Thus, for a simple melting function, source 
swelling evolves to a partitioning of 4) and EMV* 
in which 6 strongly dominates (Fig. 13). This sub
regime is characterized mainly by inelastic defor
mation and is designated equilibrium dilation. 
Expected rates of dilatant loading suggest that 
some dynamic overpressure (1 — <t>) always 
escapes relaxation during melting, however, so 
some APV is always maintained during this subre
gime. For a porous source in which M > M^. the 
hydraulic nucleus would therefore be maintained 
hydraulically inflated. This state would be near
isotropic except for a weak pressure gradient 
away from the most recently melted region near 
the source roof.

Disequilibrium cracking. Before rupture EMV is 
relaxed by uplift (4)), except for a residual portion 
EMV* generating A/V Uplift induces a horizontal 
tensile stress contribution - crftp) that prepares the 
crust for vertical rupture initiated in the porous 
source. Crack growth, once initiated, then offers a 
new sink for EMV (q), defining a second transi
tional subregime disequilibrium cracking. Initially, 
the crack volume is small and limited to veins. This 
relieves little EMV, however, which continues to 
partition into 4> and EMV* (Fig. 13). However, 
the crack system may readily enlarge by extending 
outside the source through the conversion of stored 
A/\r into crack volume, as melt segregates into 
veins and these propagate as dykes. Under most 
conditions EMV is minimized much more effi
ciently by crack growth than by inelastic uplift, 
because the driving pressures for crack propagation 
are small owing to stress-concentration effects. The 
effective tensile stress — or* at a crack tip is (Inglis 
1913) -o-x* = - Ox U + 2a/b), where -ar is the 
effective driving pressure (PM ~ 03) and a and 
b are the crack semi-axes. As restated by Pollard 
(1987), for cracks where ajb= 1000 (e.g. 1 cm 
wide. 10 m high) — o-T* is 2001 times — o-T. Thus, 
given a small drop in cth through uplift, positive 
A/\r and a source height supporting veins up to 
kilometric half-height, crack growth is strongly 
favoured as the sink for new EMV. Disequilibrium 
cracking thus involves abrupt enlargement of the 
crack system and augmentation of q with a
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corresponding decrease in c|> and EMV* (Fig. 13). 
This surge of crack growth, powered by residual 
AFy, would end once it balanced the instantaneous 
uplift-modified stress field.

Equilibrium cracking. Whereas inelastic defor
mation is too slow to relax new EMV instan
taneously, crack growth is fast enough to compete 
with source loading. Thus, although melting be 
ongoing, EMV* (and APV) would decrease to inci
pient levels during disequilibrium crack growth, 
terminating that subregime. This explains how we 
envisage the stalling effect of APV to be overcome. 
First, during disequilibrium cracking some EMV 
remains non-relaxed as elastic strain energy in the 
source walls, permitting an initial surge of disequi
librium cracking. During tins stage tire wedging 
effect of APy m»y induce initially vertical cracks 
to reorient to horizontal. Given high (although 
decreasing) AFV, dilation of any deep horizontal 
crack segment so formed would locally restore the 
vertical load to a value above the horizontal, so 
alternating dyke and sill segments could be gener
ated until instantaneous APV 0. Notwithstanding 
this, once EMV* and APV had decreased to incipi
ent levels, each new increment of EMV* would par
tition directly into new crack growth. Strong APV 
would not become available so repeated sh ess-field 
switching by magma wedging could not reoccur. 
Moreover, given that some inelastic uplift would 
continue during ongoing melting, causing the 
crust to stretch and Oh to decrease, vertical crack 
growth would continue to be favoured. Thus, once 
EMV* reduced to incipient levels, APy would 
serve to keep the source and crack system hydrauli
cally inflated while each new increment of EMV* 
was converted directly to vertical crack growth 
through deflection of dyke walls and crack 
lengthening, to maintain the elastic crack geometry. 
Tins subregime, designated equilibrium cracking 
(Fig. 13), would facilitate the initial establishment, 
of a vertically extensive fracture system.

Transition to buoyancy pumping

For likely values of 0.9-0.999 during uplift, 
the absolute volumetric equivalence of EMV* is at 
most a few tens of km3, even for potent sources. 
This total EMV* could be exhausted by just a few 
dykes tall enough to reach emplacement levels. 
For example, five triangular radial dykes, length and 
height 37.5 km, width 5 m, would accommodate 
17.5 km3. Hydraulically inflated dyke columns 
must therefore be thin if they are to be vertically 
extensive. Sill emplacement makes even greater 
demands on EMV*. Deep, elastic sills have 
volume relations as for dykes, making alternating 
dykes and sills volumetric ally inefficient at

generating tall conduits. For shallow sills, because 
of the free surface, roof deflection yields even 
larger increases in system volume (Fig. 12) 
making laccolithic doming an even greater sink 
for EMV*. Surface eruption, should it occur, rep
resents an effectively infinite EMV* sink. It is 
recalled that there is a critical depth for sill intrusion 
where the buoyancy of a magma column crosses the 
regional crv curve (Fig. 10). If the fracture system 
extended to this level during equilibrium cracking, 
sill emplacement would begin if the column then 
stalled, causing sill intrusion at depth I. If the 
column propagated initially to the surface, eruption 
would cause the freezing of magma, stalling the 
column, and explaining why hydraulically inflated 
systems do not erupt as floods of lava. Once 
shallow sill intrusion had initiated it would continue 
by buoyancy pumping. Tliis is because depth I also 
marks the maximum overburden thickness suppor
table by the static buoyancy of the magma column 
alone. Only sills at tins or shallower depth would 
permit crustal decoupling and buoyancy pumping 
to initiate.

Cessation of melting has not yet been con
sidered. Once the causative thermal anomaly has 
stabilized the upper limit of tire source then new 
EMV production ceases. For small sources, those 
with weakly dilative melting reactions or those in 
weak crust where inelastic deformation was unu
sually effective, EMV production may end before 
shallow sill injection occurred, so a transition to 
buoyancy pumping would not occur. Cartoons in 
Figure 14 illustrate the hydraulic inflation (a-c) 
and buoyancy pumping (d) regimes for small and 
large EMV reservoirs. Figure 14a shows hydraulic 
inflation before source rupture. Uplift (t}>) is occur
ring, causing horizontal stretching. Figure 14b 
shows the end of the equilibrium cracking regime 
for a small EMV reservoir, where EMV is exhausted 
during vertical crack growth but before the crack 
system has reached depth I, so buoyancy pumping 
cannot initiate. Figure 14c shows the later stages 
of hydraulic inflation for a large EMV reservoir 
where the vertical crack system has reached the 
critical depth. Sill development has begun by 
elastic cracking and laccolithic uplift. Once sill 
intrusion has initiated, it is inconceivable that if 
melting then ceased 90-99% of the magma gener
ated would remain in the source. Figure 14d shows 
how, once the crustal underburden has relaxed, 
magma remaining in the source would ascend by 
subsidence-powered buoyancy pumping. Tins is 
because the source supports the sill overburden 
hydrostatically, but if the pluton was at or above 
depth I and a conduit was open to the source then 
its floor is unsupported owing to the weakness of 
fluid magma in the source and conduit. Crustal 
decoupling and buoyancy pumping would
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A/V =Ai,v+APf

EMVEMV

APV = AP, +AP.

(subt)

EMV

Hr. 14. Cartoons illustrating the proposed fracture-mediated intrusion model, (a) Pre-rupture evolution, (b) Ending of 
cracking for a source generating small EMV. I is the critical sill intrusion depth, (c) Cracking regimes for a source 
generating large EMV. (d) Buoyancy pumping regime. Note that lateral boundaries are vertical in a spherical Earth 
reference frame, to illustrate the mechanism by which uplift generates coeval horizontal stretching.

commence such that the downward underburden 
flux. Qv, controlled the upward flux of magma in 
the conduit. Qc- Relaxation of the horizontal 
tensile stress contribution from subsidence 
- (Tftub‘) widens the conduit significantly from the 
aperture generated during hydraulic inflation and 
ensures sustained magma flow.

Magma flux rates during buoyancy 
pumping

Given buoyancy pumping, the proposed non
viability of felsic dykes (Rubin 1995) needs

reassessment. Lateral space for vertical dykes is 
not only a function of APE and the crust’s initial 
stress state, but includes contributions at the onset 
of both hydraulic inflation and buoyancy pumping 
from lateral stretching due to either uplift or subsi
dence. The initial hydraulic fracture system must be 
thin and focused to reach shallow depth, but is sig
nificantly widened during buoyancy pumping. 
Stretching of subsiding sill-underburden provides 
about 10 times more lateral space for dykes than 
the uplift responsible for cracking; several tens of 
metres across an extensive source region. More
over. such space contributions would widen exist
ing cracks, notably at intersections. For a domical
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source, rupture gives stellate vertical cracks 
(Fig. 9), focusing space contributions at the central 
nexus. In other stress-fields, orthogonal crack inter
sections would act in this way. Magma flow would 
localize at such intersections to generate pipe-like 
conduits by thermo-mechanical erosion of wall 
rock or by solidifying and freezing of magma at 
lateral dyke extremities.

For model purposes, flow up a fracture nexus 
approximates pipe flow. Potential values of magma 
flux up the conduit Qc may thus be compared with 
Qv during buoyancy pumping according to 
Qc = ttr4/ 8 (dPM/dz), where dP/dz is the
driving pressure gradient and |xM is the magma 
viscosity (Turcotte & Schubert 1982). For 
dP/dz — 400 Pa m-1 and p,M = 106 Pa s, pipes of 
radii /•= 10, 20, 50 and 100 m support fluxes of 
0.01, 0.15, 6 and 100 km3 year-1 respectively. At 
these rates a 30 000 km3 intrusion would require 
3 Ma, 200 ka, 5 ka, or 300 year's to fill, respectively. 
Given conduit widening by tens of metres during 
underburden collapse, pipe-like conduits at crack 
intersections permit fluxes adequate under reason
able pressure gradients to fill giant plutons in 
106 year's or so. Note that resistance to magma flow 
does not limit source drainage rate. Rather, Qc con
trols the process, while Qc must balance £2u for 
continuity. Subsidence also dampens fluctuations in 
Qc provoked by vertically varying conduit radius.

Complex pluton structure

Many intrusions evidence pulsed construction 
(Pitcher 1979) with nesting of phases, lobes (LG, 
SIB) or sheeting (LG). Multiple phases related to 
protolithic inhomogeneity or variation in melt pro
portion would be stacked in the vein system and 
drained sequentially. Lobate or sheeted structure 
is explicable by evolving stress conditions at the 
conduit neck or by multiple transitions from 
hydraulic to buoyant regimes. As underburden sub
sidence processes crust into the melting zone, then 
if a thermal anomaly persisted after subsidence 
initiated, renewed EMV production would reinflate 
the system during buoyancy pumping, generating 
an unpredictable interplay between magma pro
duction and source drainage. Possibly most 
plutons are generated in this way.

Caldera formation and 'super-volcanism'

Felsic volcano evolution is understandable in the 
model context. Hydraulically inflated conduits 
may intersect the surface before sill emplacement. 
However, EMV exhaustion by eruption strictly 
limits such volcanism except for the highest-ZiMV 
systems, e.g. C02-powered kimberlites. For 
others, once the initial conduit stalls it will intrude

a sill owing to buoyancy. For powerful systems 
(Fig. 14c) volcanism may also accompany this 
hydraulic laccolithic stage, but this would be 
weak, as inhusive apophyses take up the horizontal 
slack (Parsons & Thompson 1991) preventing 
normal faulting and inducing mode 1 roof failure 
(Marti et al 1994). Caldera collapse at this stage 
is prevented by hydraulic roof support, restorative 
hydraulic loading by subsiding blocks, roof 
binding by frozen magma and structural arching 
set at the inflation liighstand.

After inflation, caldera-forming eruption 
becomes possible. The pluton may be isolated from 
source if the conduit freezes or closes beneath the 
sill. Dynamic support is withdrawn from the roof, 
which is supported only by magma and structural 
arching. If the intrusion depressurizes owing to, for 
example, eruption caused by volatile exsolution- 
driven internal overpressure (Burnham 1972; 
Jaupart & Tait 1990) then wholesale roof collapse 
is inevitable once it begins to shear into the magma 
layer. The structural pattern for roof failure is set 
during inflation (cf. Marti et al 1994). Radial roof 
extension creates stress conditions for steeply 
inward dipping ring faults, a problem in caldera 
mechanics (Gudmundsson et al. 1997), which 
rotate to subvertical and activate when the roof 
sags, preventing mechanical wedging. Source and 
laccolithic doming at superimposed wavelengths 
(c.f. Gudmundsson et al 1999) is proposed to 
explain this. Collapsing roofs come to rest on sill 
floors, so sill thickness limits caldera depth. 
Mismatches in caldera areas with parent batholiths 
by 2-4 times (e.g. Fig. 1 la) is fixed by roof strength 
or the volatile-saturated roof zone.

Our model explains why, except in caldera- 
formation, only modest overpressures (<15MPa) 
drive felsic volcanism (Jaupart & Tait 1990): 
during disequilibrium cracking APy is masked by 
viscous losses; during equilibrium cracking APV 
is reduced to incipient levels by volumetric crack 
growth; during buoyancy pumping AFg is moder
ated by floor subsidence; while after pluton discon
nection AFe is limited by the roof strength.

Professor R.S J. Sparks and Dr S. Cruden are thanked for 
comments on an earlier version of the 
manuscript. S. Cruden and Dr E. Cahdn-Tapia gave 
useful reviews.

Appendix
For a mode 1 crack in an infinite medium under uniform 
internal AFg the symmetric deflections (± W) of the 
roof and fioor are (Sneddon 1951): 1L= 4APE (1 — y2) 
(ttE) X (cr2 — r2)t where r is the radial co-ordinate. 
At the centre (r = 0), Wmax is: 4APE (1 - v2)«/(it£).



26 G. J. ABLAY ETAL.

while V= 16(1 -V2)A/>E o3/(3£) and a={3£V/(l6 
II “V2]APe)}-

The deflection of a thin, circular, simply supported 
plate of thickness D is (Ugural 1981): W=APE 
aA/64<i[{r*/a*) - 2(3 + vr2/l + w/2) + (5 + v/1 + v)], 
where the flexural rigidity is <$ = ED*/12{\ - v2). For 
uniform APE then VF"“ = APB a4/64s[(5+v)/(l + v)]. 
An effective elastic thickness is substitutable for s 
(Pollard & Johnson 1973). For a thick plate, W"“x is: 
APe a4/64s [(5 + v/1 + v) + 4D2/(1 — v)a2\, where the 
shear stresses (last term) make IV/W™* greater.
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Volcanic rock-mass properties from Snowdonia and Tenerife: implications for
volcano edifice strength
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Abstract: Although volcano instability is increasingly recognized as a societal hazard, numerical data on the 
relevant mechanical properties remain sparse. We report new field data on the rock-mass properties of 
volcanic materials from Snowdonia (North Wales, UK) and Tenerife (Canary Islands). Using rock types that 
range in composition from phonolite to rhyolite, wc summarize a method for estimating the overall strength of 
a volcanic edifice based on the rock-mass rating index (RMR) and the Hoek-Brown criterion. We show that 
the average rock-mass compressive (crail) and cohesive (c) strengths decrease exponentially with RMR 
according to c7cm = 0.652fo-°-’59RMr9 and c = 0.035^os69RlvIR', respectively, and appear insensitive to both 
initial magma composition and relative age. This exponential relationship provides a new predictive tool for 
directly estimating rock-mass strength from the RMR. Our analysis further predicts a marked reduction of up 
to 96% in the rock-mass compressive strength relative to the intact rock value based on laboratory tests and 
that, overall, the combined results from both study areas yield cohesive strength values from 4.8 to 0.44 MPa. 
Estimated values of rock-mass angle of friction range from 28° to c. 38°. Recent modifications to the Hoek- 
Brown criterion, in particular the inclusion of the disturbance factor D, suggest that even these low values of 
rock-mass strength and cohesion may be optimistic, and the true values of rock parameters relevant for 
accurate predictions of volcano edifice strength may be up to 30% weaker still.

Keywords: rock failure, rock mechanics, volcanic hazard, geotechnics.

A growing number of studies over the last decade have helped 
raise awareness of the life- and property-threatening hazards that 
result from volcano instability (e.g. Tilling 1995; McGuire et al. 
1996; Siebert 1996; McGuire 1998; Thomas et al. 2004). 
However, although improved models of the processes leading to 
volcano instability have helped increase our understanding of 
events that can lead to catastrophic edifice failure, data on the 
physical properties, in particular the strength and cohesion of 
volcanic rock masses crucial for infonned modelling of the 
collapse process, remain sparse. At its most basic level, a 
volcanic edifice is made up from discrete layers of different rock 
types cut through on a range of scales by pervasive and 
penetrative discontinuities including faults, fractures and contact 
surfaces (Fig. 1), malting it difficult to assign an overall strength. 
Characterization of the rock mass can be further hindered by 
long time gaps in volcanic activity that result in the development 
of residual soils (Hiirlimann et al. 2001), and hydrothermal 
alteration, where the rock is chemically altered primarily to clay 
minerals (Crowely & Zimbeman 1997; Reid et al. 2001). Both 
residual soil and hydrothennally altered material will cause a 
decrease in the strength properties of an edifice relative to its 
unaltered state. However, it is our intention to show that even 
without these degrading effects, a volcanic rock mass, and by 
implication the edifice itself, is an inherently weak structure 
when compared with the intact strength of its constituent rocks.

This paper summarizes an approach for estimating the strength 
characteristics of a volcano based on well-known techniques used 
in rock-mass classification at the outcrop scale and larger. We 
begin by reviewing the various classification schemes, and show 
how field data on volcanic rocks, combined with relevant Mohr 
failure envelopes, can be used to make estimates of important 
material variables including rock-mass strength, rock-mass cohe

sion and instantaneous angle of friction. We finish by considering 
the implications of a new term in the Hoek-Brown criterion that 
relates the degree of rock face disturbance (D) to the rock-mass 
rating (RMR). A provisional sensitivity analysis suggests that 
although the degree to which D affects a typical volcanic slope is 
unknown, a value > 0.5 will significantly affect the strength of 
the rock mass.

Rock-mass classification

Classification schemes such as the RMR form the basis of an 
empirical approach to estimating strength criteria and other rock- 
mass properties. Widely used in engineering, they have found 
applications in the stability analysis of tunnels, slopes, founda
tions and mines, and most recently, volcanic systems. At outcrop, 
a rock mass is an aggregate material consisting of intact 
material, associated discontinuities (such as bedding planes, 
faults, joints and solution surfaces) and any areas of alteration. 
The concept of a rock mass and associated classification schemes 
are powerful tools for estimating strength criteria on a large 
(decimetre) scale. Although several rock-mass classification 
schemes exist, the most widely used is the RMR system of 
Bieniawski (1976, 1989), and tins is the scheme used for this 
study. Other classification schemes, including the geological 
strength index (GSI) of Hoek et al. (1992) and Hoek (1994), are 
discussed in a later section.

The RMR system
The RMR system uses five main parameters to classify the rock 
mass (Table 1), including the strength of the intact rock, the rock 
quality designation (RQD) of Deere & Deere (1988), the spacing

mailto:tnarkthomas@kingston.ac
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Fig. 1. Photographs from field locations
showing the fractured nature of the rock 
mass: (a, b) Snowdonia (Wales. UK); (c, d) 
Tenerife, (d) shows a dense lava flow 
overlying a loose, poorly sorted debris 
deposit of pyroclastic material, which has 
been partially altered to a soil. If the weight 
on top of the weak layer is increased by 
successive flows, this unstable conformation 
of a stronger rock overlying a much weaker 
one is a prime site for the initiation of a 
future failure surface. In all photographs the 
black bar represents 1 m.

of discontinuities, the condition of the discontinuities and the 
groundwater conditions (Schultz 1995, 1996). By their nature, all 
rock masses are discontinuous, and a volcanic edifice is no 
different. Therefore to estimate the strength of an edifice it is 
necessary to first divide it into similar regions that can be assessed 
using Table 1. These descriptive classification schemes can be 
used to make predictions about the mechanical properties of the 
rock mass if used in conjunction with relevant empirical expres
sions. A particularly powerful combination involves an integration 
of the RMR and the Hoek Brown criterion (Hoek & Brown 1980; 
Hoek 1983), devised to assess rock-mass strength (see below). For 
example. Schultz (1995, 1996) used RMR data in this way to 
show that the rock-mass compressive strength of basalt is up to 
80% weaker than its intact compressive strength as measured 
under laboratory conditions. This result has important implica
tions for volcano edifice strength, and is developed more fully in 
later sections using RMR data collected in this study.

Data collection

The RMR data presented here were collected from two field sites
in Snowdonia (North Wales, UK) and Tenerife (Canary Islands). 
In total, five rock types were examined from a total of 42 field 
localities. Lithotypes sampled range in composition from alkali 
basalt to rhyolite (Table 2). With the exception of several 
microgranite samples from Snowdonia, the rock masses exam
ined were exclusively volcanic in origin, and comprised a 
mixture of lava flows, dykes and airfall tuffs. Although a granitic 
rock is unlikely to be found on most volcanic slopes it is 
included in this study to demonstrate the potential weakness of 
all igneous rock masses. The volume of rock mass examined in 
each locality varied between locations, with surface areas ranging 
from 6 to 180 m2. The Snowdonia volcanic province is mainly 
Ordovician in age (e.g. Owen 1979) whereas the units examined 
on Tenerife are generally < 4 Ma old and in some cases 
historical (Carracedo & Day 2002). The extensive time gap 
between the two field locations, one ancient and the other

geologically young, allowed us to assess the degree to which the 
gross age of the rock mass (climactic influences excluded) may 
have influenced the rock-mass strength.

At each locality the RMR wras calculated according to the 
rating system detailed in Table 1. To gain a comprehensive 
overview of the rock-mass condition and characteristics, the 
RMR was calculated both horizontally and vertically for each 
segment of the examined rock mass. The horizontal and vertical 
RMR values were then averaged to give one RMR value for that 
region. This was done with the aim of producing an overall 
estimate of rock-mass strength rather than an estimate that may 
favour one particular orientation. A summary of the RMR values 
calculated for each rock type can be found in Tables 2 and 3. For 
simplicity, we have used the averaged RMR as determined for 
each rock-mass segment in this study. However, we accept that it 
may not be realistic to assign a single value, and that a range of 
RMR values may be more appropriate. We further caution that 
any stability analysis carried out with strength estimates deter
mined by following the method presented in this paper should 
use the corresponding range of strength estimates in all calcula
tions.

Estimating rock-mass strength

Hoek—Brown criterion

Hoek & Brown (1980, 1988) proposed a novel method for 
estimating rock-mass strength that makes use of the RMR 
classification. The Hoek-Brown method, widely used by geo
technical engineers to predict rock-fracture behaviour at the 
outcrop scale, has recently found application in the strength 
assessment of volcanic rock masses (Voight 2000). The general 
empirical criterion for rock-mass strength proposed by Hoek & 
Brown (1980) is defined by the relationship between the principal 
stresses at failure:

1/2o | = + (mOcOi + .vac) (1)
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Table 1. The R\4R classification parameters and their ratings (shaded), after Bieniawski (1989)

Strength of 
intact rock

Uniaxial compressive 
strength, MPa

> 250 100-250 50-100 25-50 5-25 1-5 < 1

1.

2.

3.

4.

Rating 15 12 7 4 2 1 0

RQD, % 90-100 75-90 50-75 25-50 < 25

Rating 20 17 13 8 3

Spacing of 
discontinuities, m

>2 0.6-2 0.2-0.6 0.06-0.2 <0.06

Rating 20 15 10 8 5

Condition of 
discontinuities

Very rough. 
Discontinuous, No 
separation. 
Unweathered

Rough walls, 
separation < 0.1 
mm, Slightly 
weathered

Slightly rough, 
separation < 1 mm, 
Highly weathered

Slickenslides or 
Gouge < 5 mm 
thick or continuous 
separation 1-5 mm

Soft Gouge > 5 mm 
thick Or Separation 
> 5 mm continuous, 
decomposed wall 
rock

Rating 30 25 20 10 0

Ground Water General conditions Completely dry Damp Wet Dripping Flowing

5. Rating 15 10 7 4 0

This table has been customized from the chan of Bieniawski (1989) to show only the methods used in this paper. RMR = 1+2 + 3 + 4 + 5 and «100.

Table 2. A summary of the rock-mass properties obtained from volcanic rocks in the Snowdonia volcanic group and from Tenerife

Property Snowdonia Tenerife

Rhyolite Tuff Microgranite Basalt Phonolite

RMR
Laboratory compressive strength (MPa)* 
Rock-mass compressive strength (MPa) 
Rock-mass tensile strength (MPa)

52-74
175

12-41
-0.29 to -1.5

47-74
150

7-35
-0.18 to -1.4

57-79
250

23-78
-0.3 to -1.55

48-60
150

8-16
-0.2 to -0.5

38-60
175

6-19
-0.1 to -0.5

•Values taken from Brown (1981).

Table 3. A summary of the Mohr-Coulomb properties of the rock-mass obtained from volcanic rocks in the Snowdonia volcanic group and from Tenerife

Property Snowdonia Tenerife

Rhyolite Tuff Microgranite Basalt Phonolite

RMR 52 "4 47-74 57-79 48-60 38 60
Laboratory compressive strength (MPa)* 175 150 250 150 175
Rock-mass cohesive strength (MPa) 1.16-4.84 0.74 4.28 1.16-6.75 0.79-1.72 0.44-1.84
Rock-mass angle of friction (degrees) 31.3-38.1 27.8-36.1 41.2-49.4 28.1-31.8 28-34.9

•Values taken from Brown (1981).

where 0\ and 03 are the major and minor principal stresses 
respectively at failure, ac is the uniaxial compressive strength of 
the intact rock, and m and s are empirical constants dependent 
on rock type and available from published sources (e.g. Hoek 
1983; Hoek & Brown 1988). In this paper, standard values of ac 
determined from laboratory studies were taken from the refer
ence library within the Rocscience program RocLab, but can also 
be obtained from numerous published sources (e.g. Brown 1981). 
For a given rock mass (Hoek & Brown 1988). the constants m 
and s are related to the RMR as follows:

m — n7jexp[(RMR — 100)/28] (2)

s = exp[( RMR — 100)/9] (3)

where m, is the value for the intact rock. The special cases of 
unconfined compressive strength acm and uniaxial tensile strength 
0im for a rock mass can be found by putting 03 = 0 and 0] = 0 
respectively into equation (1). Thus

= (st/c) (4)
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and

=^r[w ~(w2+45)12]. (5)

Results
Using the Hoek Brown criterion to estimate the strength charac
teristics of rock masses from Snowdonia (North Wales) and 
Tenerife (Tables 2 and 3) we find compressive strength reduc
tions of up to 96% in the rock mass (acm) relative to intact 
laboratory tested samples (ac). Table 2 also lists rock-mass

a
200-i

180-
y = O.6518e0 0559xTenerife

Snowdonia
Exponential

160-

120-

O 20-

b RMR
0 20 40 60 80 100

£ -2-

♦ Tenerife 
■ Snowdonia 

------- Exponential

y = 0.0345e° 0669x
♦ Tenerife 
■ Snowdonia 

------- Exponential

Fig. 2. Dependence of rock-mass compressive (a), tensile (b) and 
cohesive (c) strength on RMR for lavas (basalt, phonolitc and rhyolite) 
from Snowdonia and Tenerife. An exponential best-fit curve has the form
actn — 0.652<oi155',RMR). Similar predictive relationships also hold true for 
the rock-mass tensile and cohesive strengths.

tensile strength obtained directly from the Hoek-Brown equa
tions. Figure 2 shows plots of rock-mass strength against RMR 
for the rock masses from Snowdonia and Tenerife. From Figure 
2. it can be seen that the compressive and cohesive strength of 
the rock types examined in this study decreases exponentially 
with RMR according to

acm = 0.652(° 0559RMR) (6)

ci = o.035l0 0669RMR) (7)

and appears largely insensitive to both the initial magma 
composition (basaltic or rhyolitic), and relative ages of the rock 
masses tested. This apparent exponential decrease suggests that 
relatively small changes in rock-mass properties will significantly 
affect edifice strength. This insensitivity to both rock composi
tion and age suggests that these exponential relationships may be 
useful in providing quick and relatively accurate estimates of 
rock-mass strength directly from the RMR (Fig. 2). In Figure 2a, 
where the data for rock-mass compressive strength are plotted 
alongside the fitted exponential curve, the mean error between 
the actual value and that predicted by the exponential fit is 13% 
with a standard deviation of 9.6. However, if the imprecision of 
the RMR classification scheme is taken into account, this error 
falls to within an acceptable range, and provides a valid method 
of estimating, to a first approximation, rock-mass strength 
directly from the RMR. We note that this tentative exponential 
relationship also holds for tensile and rock strengths.

Mohr—Coulomb criterion
As it is the aim to use the estimated rock-mass strength proper
ties in edifice stability studies, and most geotechnical software is 
still written in terms of Mohr-Coulomb criterion, it is necessary 
to determine an estimated angle of friction and cohesive strength 
for the rock mass. A graphical means of representing stress 
relationships was discovered by Culmann (1866) and later devel
oped in detail by Mohr (1882). which led to the implementation 
of a graphical method (the Mohr stress circle). Uniaxial tension, 
unconfined axial (uniaxial) compression, or confined (triaxial) 
compression may affect failure of intact cylindrical rock speci
mens. Typical examples of effective stress circles for these types 
of failure are shown in Figure 3. The envelope to the stress 
circles at failure (Mohr failure envelope) corresponding to the 
empirical failure criterion defined in equation (1) was derived by 
Bray (Hoek 1983) and is given by

Normal stress, MPa

Fig. 3. Typical failure circles for rock and the Bray strength envelope
(Hock 1983): 1. uniaxial tension; 2, unconfincd axial (uniaxial) 
compression; 3, confined (triaxial) compression. Also shown are the
instantaneous values of angle of friction (tp,) and cohesion (c,).
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niOcr = (COt0, - COS0,)-£- (8)

where r is the shear stress at failure, <p, is the instantaneous 
friction angle at given values of r and a. i.e. the inclination of 
the tangent to the Mohr failure envelope at the point (On,r). The 
value of the instantaneous friction angle is given by

= tan-1[4/jcos2(30°-fusin'* A-3/2) — 1]_1/2 (9)

where

h = 1 +
16( mo + s)

Tin1 (10)

at any given value of o. Mohr failure envelopes for intact rhyolite 
and a rhyolitic rock mass are compared in Figure 4. As expected, 
the intact material is stronger than the jointed rock mass. Shear 
stress tending to cause failure across a plane is resisted by the 
cohesion of the material and a constant times the normal stress 
(an> across the plane. This is expressed in the Mohr Coulomb 
equation for shear strength:

r = c + ^an (11)

where fx is the coefficient of friction:

= tan0 (12)

However, rather than being constants for jointed rock masses, c 
and 0 both vary with stress level (Hoek & Brown 1980). It is 
thus convenient to calculate the instantaneous values for cohe
sion (t-,) using the instantaneous friction angle defined in equa
tion (7). Thus equation (II) can be rewritten as

100-i

Normal stress, MPa

£ 80-1 Instantaneous 
cohesion__

-30 9=
B 60-

<6 50-

Instantaneous 
friction angle

-10 iS

-5 “i 10-

£ 0

Normal stress, MPa

c,=T-ontan0l (13)

Figure 5 shows a Mohr failure envelope (equation (8)) for a 
rhyolitic rock mass from Snowdonia, along with a plot showing 
the instantaneous friction angle (equation (9)) and instantaneous

Fig. 5. (a) Mohr failure envelope for a rhyolite rock mass from 
Snowdonia; (b) plot showing the instantaneous friction angle and 
instantaneous cohesion.

100-i

Normal stress. MPa

Fig. 4. Mohr failure envelopes for a typical intact rhyolite and a rhyolitic 
rock mass using relevant values from Hoek & Brown (1981). Intact: 
m, — I6.s— l,o, — 225MPa (curve a): curve b is as curve a. but 

= J50MPa Rock mass: m = 2.68. s — 0.0039. ac = 225MPa (curve 
c); curve d is as curve c, but oc = 150MPa. The Hoek-Brown constants m 
and j were determined from equations (2) and (3) using an RMR of 50.

cohesion (equation (13)). It can be seen that at low values of 
normal stress, the angle of friction is high and the cohesion is 
low. As the normal stress is increased, however, this relationship 
is reversed, suggesting an increase in cohesion but a decreasing 
angle of friction at progressive deeper parts of the edifice 
interior. This may be an important factor in determining the 
shape of a failure surface within a volcanic edifice, and could be 
a simple explanation for why non-volcanic slope failures tend to 
be shallow and steep, in that they lack any additional thermal 
and mechanical pore pressures that may precede volcanic slope 
failures. Although c and 0 will vary with stress level, it is useful 
to fit a straight-line Mohr-Coulomb relationship to the failure 
envelope, as it gives a good approximation of the rock-mass 
angle of friction and provides an upper limit of cohesive strength 
(Hoek et al. 2002). This is done not by fitting the ‘best-fit’ 
tangent to the Mohr failure envelope, which can lead to an 
overestimate of the cohesive strength, but by fitting a linear 
Mohr-Coulomb relationship (equation (11)) by a least-squares 
method (Fig. 6) (Hoek et al. 2002). As stated above, the value of 
cohesive strength produced from this method provides an upper 
limit, and it is prudent to reduce it to 75% of this value to serve 
any practical purpose.

A more convenient way to gain an estimate of the cohesive 
strength of the rock mass is to set an = 0 in equation (13). Thus 
the cohesion becomes equal to the shear stress, and it can be 
read directly from the Mohr failure envelope as the intercept on 
the shear strength axis. The angle of friction and cohesive
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Normal stress, MPa

Fig. 6. Representative plot showing a straight-line Mohr-Coulomb fit to
a Mohr failure envelope obtained using a least-squares method.

strength of rock masses from Snowdonia and Tenerife deter
mined using this method are listed in Table 3.

Discussion

Implications for volcano edifice strength

Our estimates of rock-mass strength compare favourably with 
previous estimates by, for example, Jaeger & Cook (1979), 
Voight et al. (1983), Schultz (1995, 1996) and Watters et al. 
(2000). Jaeger & Cook (1979) and Voight et al. (1983) gave 
wholesale estimates of edifice cohesive strength in the region of 
1 MPa. Watters et al. (2000) presented data from mainly altered 
rock masses, and as expected their values of cohesive strength 
(0.08 0.4 MPa) are slightly lower than those presented here. 
Schultz (1995, 1996) reported estimated cohesive strength values 
of basaltic rock masses of 0.6-6 MPa. Taking the averages of 
data given in Table 3, the basaltic rock masses from Tenerife 
have an average cohesion of 1.3 MPa, which compares well with 
the data of Schultz (1995, 1996). The average overall cohesion 
for the Tenerife and the Snowdonia rock masses of 1.30 and 
1.37 MPa, respectively, also agree well with previous estimates 
using an approach similar to that outlined above. The overall 
edifice cohesive strength is also useful in predicting the rock- 
mass response to failure, i.e. whether it will disaggregate or 
remain mostly a coherent block. As shown by Watters et al. 
(2000), failure is more likely to develop at sites where disconti
nuities contain secondary clay or gauge material, rather than 
along barren joints with no infilling. The same applies to sites of 
hydrothermal alteration. However, some forms of hydrothermal 
alteration, in particular silicification, generally produce a stronger 
and more elastic rock mass (Watters et al. 2000). Future work 
incorporating the GSI (see below) will allow the effects of 
alteration in the rock mass to be taken into account.

A new approach to the Hoek-Brown failure criterion

Recently Hoek et al. (2002) published an update to the Hoek- 
Brown failure criterion. The revised version differs from the 
method defined previously in two important ways. The first is the 
replacement of the RMR by a new term, the geological strength 
index (GSI). The GSI (introduced by Hoek et al. (1992) and later 
refined by Marinos & Hoek (2000)) is designed to take into 
account the fact that the RMR has proved inadequate in 
estimating the failure criteria of some very weak rock masses. It 
should be noted, however, that for a GSI > 25, the RMR and 
GSI are essentially interchangeable, and thus this problem is not 
relevant in this study where RMR values are > 38. However, a 
second variable introduced by Hock et al. (2002), called the 
disturbance factor (D), may be highly significant in the classifica
tion of non-altered volcanic rock masses. The disturbance factor 
originated from experience in the design of slopes in large mines, 
where the classical Hoek-Brown criterion often proved over- 
optimistic in estimating rock-mass properties. The value of D is 
a qualitative measure of the degree of disturbance to which the 
rock mass has been subjected, and varies from zero (no 
disturbance) to unity (for the most disrupted). Despite its 
relevance to the problem in hand, at present it is far from clear 
how best to characterize a volcanic rock mass in terms of D. In 
mines and engineering works, the effects of heavy blasting 
damage, along with stress relief owing to the removal of 
overburden, result in disturbance of the rock mass. In the case of 
a volcanic slope, it is easy to visualize a relatively high 
disturbance factor caused by analogous natural events such as 
eruptions and landslips. The variable D affects the Hoek-Brown 
constants m and s (equations (2) and (3)) so that

m = miexp[(RMR - 100)/(28 - 14D)] (14)

and

5 = exp[RMR — 100)/(9 — 3Z))]. (15)

The influence of the disturbance factor on rock-mass strength
can be large. This is shown in Figure 7, where a Mohr failure 
envelope with the instantaneous angle of friction and cohesive 
strength for a rock mass is plotted (ac = 150MPa and mi = 15. 
RMR = 65), for two end-member cases D = 0 and D = 1. As 
seen in Figure 7, D = 1 results in a decrease in rock-mass 
cohesive strength of up to 30%. A comparison of the Mohr- 
Coulomb criterion calculated with and without D for the volcanic 
rock masses examined in this study is shown in Table 4. Both 
angle of friction and cohesive strength are reduced significantly 
where D = 1, in some cases by up to 50%. Clearly, the idea of 
defining a disturbance factor for volcanic rocks is deserving of 
in-depth study. Work aimed at producing estimates for the value 
of D for a volcano slope is currently under way.

Conclusions

We have proposed a method to assess the strength of a volcanic 
rock mass using field observations and the Hoek-Brown failure 
criterion. Our results suggest that in general, the rock masses of 
a volcanic edifice can be very weak, with cohesive strengths less 
than 1 MPa and rock-mass angles of friction varying from 28° to 
c. 38°. The rock-mass strength of crystalline volcanic material 
examined in this study also appears largely insensitive to initial 
magma composition and age. Our data suggest that the measured 
RMR and strength characteristics of unaltered volcanic rock are 
related through an exponential dependence that can provide a 
good first approximation of compressive and cohesive rock-mass
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Normal stress, MPa

50 75 100 125 150
Normal stress, MPa

Fig. 7. (a) Mohr failure envelope and (b) instantaneous friction angle
and instantaneous cohesive strength, for a rock mass where
ac — l50MPa. m, = 15. RMR = 65 and D = 0 fbold line) or Z) = I
(fine line).

strength. The exponential relationship between the RMR and the 
rock-mass strength characteristics suggests that small changes in 
the condition of the rock mass may have a large impact on the 
rock-mass strength. This emphasizes the need for detailed 
mapping at any potentially hazardous volcano, because, if 
conditions are concurrent, failure will occur in the weakest area 
of the edifice regardless of how strong the overall rock mass is. 
The sensitivity of the mechanical properties of the rock mass to 
the disturbance factor (D) in the revised Hoek-Brown criterion 
identifies it as an important new variable that should be used in 
future field assessments of volcano edifice strength.

This paper has benefited from discussions with E. Hoek and R. Schultz.
whom we thank for their input. We arc grateful to R. Watters. D.

Elsworth and an anonymous reviewer for helpful comments on an earlier 
draft.
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The effect of internal gas pressurization on volcanic edifice 
stability: evolution towards a critical state
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ABSTRACT

Results from simple physical and numerical models investi
gating the effects of increased internal pore-fluid pressures of a 
Mohr-Coulomb volcanic edifice are presented. Physical experi
ments make use of a heap built from angular sand on top of a 
stiff substrate of variable angle, with the provision for injection 
of internal fluid (gas) pressures into the base. The resulting 
failure geometries arising from internal pressurization of the 
model appear similar to some natural examples of sector 
collapse. Two-dimensional limit equilibrium models analysing

42 500 possible failure surfaces were run with internal pres
sures (P0) in the range 5-35 MPa, and show that the potential 
critical failure surface migrates to increasingly deeper levels 
with increasing internal pressure. Although internal pressuriza
tion alone is unlikely to reduce the factor of safety (Fs) below 
unity, the edifice is driven towards a state of criticality that will 
render in susceptible to any internal or external perturbations.
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Introduction

Studies during the last two decades 
have raised awareness of the life- and 
property-threatening hazards result
ing from volcano instability (e.g. Till
ing, 1995; McGuire et ai, 1996; 
Siebert, 1996; Wolfe and Hoblitt, 
1996; McGuire, 1998). Much new 
interest arose following the climactic 
May 1980 eruption of Mount St 
Helens, caused by a massive landslide 
on the volcano’s northern flank.

Geotechnical engineers and geolo
gists studying landslides are familiar 
with fluid pressurization by water, and 
its modifying effects on the shear 
strength of soils and rocks (e.g. 
Voight, 1978; Bromhead, 1986). 
Ordinarily, this pressurization is by 
groundwater of meteoric origin, and is 
rarely artesian, being hydrostatic and 
related to a groundwater level within 
the slope. Groundwater bodies cre
ated by infiltration from the surface 
lead to shallow landsliding and thus 
slopes that are stable against deeper- 
seated modes of failure (e.g. Brom- 
head, 1995). Recently, Voight and 
Elsworth (2000) have proposed a 
novel, highly non-linear instability 
mechanism for the hazardous collapse 
of lava domes in which dome failure is 
instigated by gas overpressure. As a 
first step towards understanding
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edifice failure at a basic level, we have 
modelled a destabilizing mechanism 
involving gas pressurization (e.g. Ger- 
lach et a!., 1996) that affects the entire 
interior of the edifice and the external 
expression of which is a deep-seated 
failure mode (landslip), which might 
be the cause of catastrophic eruption. 
Our model thus differs from other 
recent studies of volcano instability 
(e.g. Reid et al, 2001), in which the 
effects of internal fluid pressures are 
ignored and collapse is driven purely 
by gravity acting on regions of weak 
(hydrothermally altered) rock.

Initial results of an ongoing pro
gramme of physical and numerical 
modelling designed to examine in 
detail the role of internal (fluid) pres
surization in promoting failure in 
conical structures (heaps) are des
cribed. Using simple scaling argu
ments, it is shown that a volcanic 
edifice may be regarded as a heap of 
(Mohr-Coulomb) granular material 
and that the failure surface resulting 
from internal (gas) pressurization is 
deep seated. Rock mass field data 
show that the edifice is likely to be 
weak, and using values of natural 
examples from Snowdonia, Tenerife 
(Thomas et al., 2004) and work pub
lished by Voight et al. (1983), we 
simulate the change in the factor of 
safety as a function of internal pres
surization. We show that this import
ant but largely unquantified processes 
may in some circumstances play a 
major role driving the volcanic edifice 
towards a critical state (e.g. Hill et al., 
2002).

Current models of edifice failure

A number of models have been pro
posed to explain structural failure and 
collapse of a volcanic edifice in both 
fast and slow modes, in response to 
one or more internal or external trig
gers. Commonly cited examples in
clude magma chamber replenishment, 
dyke emplacement and volcanogenic 
earthquakes (typically M > 5 close to 
or directly beneath a volcano) and 
intense rainfall (e.g. Elsworth and 
Voight, 1995; McGuire, 1998). In 
addition to the well-documented trig
gers, hydrothermal activity is recog
nized to play an important role in 
weakening the rock mass and render
ing it more susceptible to mechanic
ally induced structural failure (e.g. van 
Wyk de Vries et al., 2000; Reid et al., 
2001). Despite this, some important 
questions remain. For example, major 
volcanic eruptions are also frequently 
preceded by emission of large quanti
ties of volcanic gases in conjunction 
with vigorous fumerole activity, or 
steam generated by heating of ground- 
water (e.g. Pyle et al., 1996; Gerlach 
et al., 1996; Mouginis-Mark et al., 
2000). However, although the emis
sion of volcanic gasses and their 
compositions are routinely monitored, 
the mechanical effects of the gas phase 
on the shear strength and structural 
integrity of the edifice have been 
mostly overlooked. Gas sources in
clude deep magma reservoirs and the 
progressive dehydration of the vol
cano’s hydrothermal system (Tilling, 
1995). Another factor is the process of
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volcanic spreading (Borgia, 1994; 
Merle and Borgia, 1996), but sector 
collapse events are thought only to 
occur if spreading is not efficient 
(Borgia et al., 2000), and therefore 
no further consideration is given to 
this mode of destabilization.

Edifice strength

The strength of an edifice is a property 
that requires careful consideration in 
volcano stability simulations. Indeed, 
the concept of edifice strength be
comes critical when considering inter
nal fluid pressurization, as the use of 
unrealistically high-strength parame
ters raises the nonsensical idea of a 
‘floating’ volcano, in which the edifice 
is so strong that the internal pressure 
can counteract its weight without 
failing. The structure then becomes 
neutrally buoyant. Although uniaxial 
laboratory tests on fresh intact basalt 
will yield a compressive strength of 
100-350 MPa (Schultz, 1995, 1996), a 
volcanic edifice is not simply intact 
rock but is cut through by a range of 
discontinuities, including faults, frac
tures and layering defined by discrete 
lava flows. Field approximations of 
the rock mass strength of crystalline 
volcanic material are surprisingly low, 
with cohesion values ranging from 
300 kPa to 3.2 MPa (Voight et al, 
1983; Schultz, 1995, 1996; Watters 
et al, 2000; Thomas et al., 2004).

Montserrat; Sparks (1997) suggested 
typical excess pressures of 5-20 MPa. 
Sparks (1997) also suggested maxi
mum theoretical excess pressures of 
close to 50 MPa, although due to 
permeable flow within the edifice, 
these theoretical pressures are rarely 
reached. These values are not a homo
geneous pressure present throughout 
the edifice, but are presented here to 
demonstrate values of local pressure 
that have been measured or inter
preted within a volcanic edifice.

Physical modelling

Table 1 Geometric and mechanical var
iables for a conical heap of sand
Variable Definition Dimensions

c cohesion kN m-2

4> friction angle -

H height m

a slope angle -

y unit weight kN m-3

dimensionless products, the stability 
number N and a non-named group O:

and tan<})
tana (1,2)

Initial experiments have been carried 
out with a simple uniform cone con
structed of air-dried angular (sharp) 
sand, with provision for internal pres
surization by gas (compressed air) at a 
controlled rate pumped through the 
base (Fig. la). Angular sand was used 
because of its higher internal angle of 
friction and repose compared with 
other types of granular material. The 
cone was created by raining particles 
from above and rested upon a stiff 
substrate of variable angle. The mod
els were run with substrate angles of 
5-20°. Using scaling arguments (be
low) and following the Buckingham IT 
theorem (Middleton and Wilcock, 
1994), the controlling parameters for 
a conical heap of sand are given in 
Table 1. From Table 1 we can see that 
there are five variables minus three 
dimensions equal to two independent

A model perfectly represents the 
prototype if the two dimensionless 
groups are the same for both. The O 
parameter is matched if the ratio of 
the friction angles and the slope angles 
are the same. Estimates of the angle of 
friction for a volcanic pile suggested 
by other authors (Jaeger and Cook, 
1979; Voight et al, 1983; Watters and 
Delahaut, 1995) match closely the 38° 
friction angle of the sand used. Thus a 
model volcanic edifice needs the same 
slopes as its prototype.

For a 2000-m-high volcanic cone, 
taking c to be 1 MPa (1000 kN m-2), 
and y to be 25 kN m-3, Eq. (1) gives a 
stability number (V) of 0.02. To 
achieve this stability number for 
a 0.2-m-high pile of sand (y = 
20 kN m-3), substituting these values 
again into Eq. (1) c = 0.08 kN m-2 
(80 Pa), which is practically unmeas-

Internal pressurization

Pressurization from within the edifice 
is known to happen at all active 
volcanoes. It is well recognized that 
recorded gas emissions are generally 
more than the amount predicted from 
petrological studies of the crystal con
tent of the erupted products (de Hoog 
et al, 2001), suggesting the magma 
de-gases within the edifice. There is 
also the additional factor of dehydra
tion (boiling) of active hydrothermal 
systems during a volcanic eruption 
producing elevated gas pressures. 
Robertson et al (1998) and Sparks 
(1997) give estimates of values for 
internal system pressurization for 
parts of a volcanic system. Robertson 
et al (1998) showed that a minimum 
pressurization of 27.5 MPa was re
quired to explain the locations of the 
largest ballistics produced by the 1996 
eruption of Soufriere Hills Volcano,

Fig. 1 Sandpile model with air pressurization: (a) experimental set-up, (b) surface 
expression of failure surface and (c) diagrammatic representation of the failure 
surface.
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urable in the laboratory. Capillary 
tensions in air-dried sand would prob
ably exceed this equivalent (Schellart, 
2000). Hard though it may be to 
believe, a heap of sand on the labor
atory workbench does truly represent 
a perfectly scaled model of a large 
volcanic edifice.

The fluid pressures scale on the 
basis of the maximum pressure (u), 
H and y through the pore pressure 
ratio r:

r = ujyH (3)

This is also a linear scaling, so the 
reduced size of the physical model is 
realistic. What does not scale linearly is 
the rate dependency of the collapse 
mechanism, and the propagation of 
fluid pressures throughout the edifice. 
Theses effects must be scaled on the 
basis of a time factor, which depends 
on rock mass permeability, fluid-rock 
relative compressibility, unit weight of 
the pore fluid and some critical size 
parameter termed drainage path length 
raised to the power 2. Modelling rate 
effects is outside the scope of this 
paper, except in a qualitative sense.

Numerical modelling

Numerical analysis into the effects of 
gas pressurization was carried out 
using two-dimensional limit equilib
rium models. Limit equilibrium mod
els use the most widely expressed 
index of stability, the factor of safety 
CFs), which for a potential failure 
surface is defined as the ratio of shear 
strength to shear stress:

F„=[s/[x (4)

where s is the shear strength, x is the 
shear stress and the integration takes 
place along the length (L) of the 
failure surface. Numerical calculations 
were conducted using an in-house 
slope stability analysis package fol
lowing the iterative method of Bishop 
(1955). This form of stability analysis 
is commonplace in geotechnical engin
eering and merits no further discus
sion. Factors of safety of 1 or less 
imply instability. Ordinarily, analysis 
is conducted on a plane section 
through a slope about a centre of 
rotation, and two-dimensional meth
ods of analysis usually give satisfac
tory results for simple cases. This 
approach was used by Voight and

Elsworth (2000) as a general geometry 
for their limit equilibrium analysis of 
shallow flank and deep-seated edifice 
failure. Although our analysis is 
restricted to two dimensions, three- 
dimensional methods have been devel
oped and applied to, inter alia, 
non-uniform surface topography and 
loading, which arguably is closer to 
the case represented by an unstable 
volcanic edifice.

The physical values used in our 
calculations are those defined previ
ously by Voight et al. (1983) for the 
Mt St Helens edifice: cohesion 
(c, 1000 kPa (1 MPa)), angle of fric
tion (c{), 40°) and unit weight (W, 
24 kN m-3), with a pore pressure 
ratio (it) of 0.3. These values were 
used as they are in the middle of the 
range of values presented by Schultz 
(1995, 1996), Thomas et al. (2004), 
Voight et al. (1983) and Watters et al. 
(2000).

Results

Physical modelling

The effects of internally pressurizing a 
sandpile model described above are 
shown in Fig. l(b,c). Viewed from 
above, an arcuate crack is clearly 
visible traversing the summit and 
flanks of the pile. Several smaller 
radial cracks are also evident. This 
style of deformation was typical of the 
response of the pile to internal pres
surization. A sketch (Fig. 1c) of the 
internal geometry of the slip surface 
after the failed portion had been 
removed confirms its deep-seated nat
ure. Unsurprisingly the effect of 
increasing the angle of the base resul
ted in larger volume failures with a 
shorter time to failure from the onset 
of pressurizing the model. A key 
observation is that the surface expres
sion and geometry of the failure sur
faces (Fig. 2) are similar to those 
observed at Mount St Helens (Donn- 
adieu et al, 2001), Mount Etna (Ti- 
baldi and Groppelli, 2002) and La 
Palma (Day et al., 1999). Detailed 
morphological comparisons have not 
been conducted, and the similarities 
are purely in physical appearance.

Numerical modelling

Numerical results obtained from limit 
equilibrium modelling independent

from the physical models are shown 
in Figs 3 and 4. Calculations were set 
up to take into account the effects of: 
(1) no source of internal fluid pressur
ization (dry), (2) internal fluid pres
surization produced by ground water 
infiltration only (wet) and (3) an 
edifice with a source of internal gas 
pressurization plus groundwater infil
tration (wet plus internal).

A total of 42 500 possible failure 
surfaces were analysed during each 
simulation. For both cases, two model 
geometries were used (Fig. 4) to rep
resent the volcano edifice, a uniform 
cone and one (more realistic) with 
topography similar to the pre-1980 
eruption Mount Helens. In this paper 
there is no attempt to model Mount St 
Helens and it is only the topography 
that is used in the numerical models. 
Results of both experiments are sum
marized in Table 2. The internally 
pressurized area was defined as 75% 
of the volume of the defined edifice 
topography and the pressure was set 
at 100% at the pressure boundary 
(Fig. 4) and 0 at the 75% limit, with a 
linear distribution of pressure between 
the two boundary conditions.

Figure 3 shows a plot of factor of 
safety (Fs) against depth (km) calcu
lated for a simple uniform cone for a 
range of internal pressures from 5 to 
35 MPa. For both model types, a 
potential shallow instability is always 
present (Fig. 3). However, the end 
effect of increasing pressure is to (1) 
drive the potential critical failure sur
face deeper into the interior of the 
edifice and (2) decrease the factor of 
safety for that potential failure sur
face.

Considering a simple cone, an inter
nal pressure of 25 MPa, a value close 
to the estimates of Robertson et al. 
(1998), displaces the potential critical 
failure surface from a shallow poten
tial instability to depth of 3.2 km from 
the centre of rotation (Fig. 3). Further 
increasing the pressure to 35 MPa 
lowers the Fs to below unity and 
makes the slope unstable without any 
additional factors being considered.

The effect of driving the potential 
critical failure surface deeper within 
the cone is that the volume above the 
critical failure surface is increased 
substantially relative to external pres
surization by groundwater infiltration 
(Fig. 4). Should the volcanic edifice 
fail, then the potential volume of
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Fig. 2 Digital video stills showing the surface expressions of failure surfaces in the sand-pile models. All these images are from 
models conducted on 5° slopes.

Fs
012345678

No internal pressure 
5 MPa 
15 MPa 
25 MPa 
35 MPa

Fig. 3 Plot of factor of safety (Fs) against depth for a uniform cone, calculated at 
increasing internal pressure. Note that the shallow instability is still present in all 
cases, but instead of steadily increasing with depth as in the curve at no internal 
pressurization, Fs starts to decrease at depth when considering increasing internal 
pressure, until at an internal pressure of 25 MPa, the critical failure surface is no 
longer shallow, but is located at 3.2 km depth. (Note that all depths are taken from 
the slip circles to centre of rotation and are not measurements below ground level.)

material liberated during failure will 
be far greater.

Discussion
Our numerical results and scaling 
analysis suggest that internal fluid 
pressurization may be significant in 
promoting deep-level instabilities 
within a volcanic edifice. It is fully 
accepted that the physical models may 
be an oversimplification of the prob
lem and we acknowledge that internal 
pressurization is unlikely to be the sole 
cause of catastrophic edifice collapse. 
It may nevertheless contribute signifi
cantly to the growing number of 
recognized mechanisms that compli
cate collapse predictions (e.g. Reid 
et ai, 2001). In particular, it provides 
a mechanism for driving the edifice 
close to its critical state (Hill et ai, 
2002).
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a Uniform cone

Pressure boundary

Confining bedrock

b St. Helens topography

Pressure boundary

Confining bedrock

• Centre of rotation 
Critical failure surfaces:
------------- 1 Dry edifice
— — — 2 Wet edifice 
----------- 3 Edifice with internal pressurisation

Fig. 4 Potential critical failure surfaces for a uniform cone (a), and an edifice with 
pre-1980 Mount St Helens like topography (b), potential failure surfaces for a ‘dry’ 
edifice, a ‘wet’ edifice and a ‘wet’ edifice plus internal gas pressurization are shown. 
Results are summarized in Table 2.

Table 2 Factor of safety (Fs) for the 
potential critical failure surfaces in 
Fig. 4 from the limit equilibrium mod
elling (numbers refer to pressurization 
regimes outlined in the text)

Uniform cone
St Helens 
topography

1 Dry 1.73 1 Dry 1.99
2 Wet 1.32 2 Wet 1.53
3 Wet plus 1.30 3 Wet plus 1.33

Internal Internal

Internal gas pressurization is a phe
nomenon that must happen to some 
extent in all active volcanoes, as the 
recorded gas emissions are generally 
more than the amount predicted from 
petrological studies of the crystal con
tent of the erupted products (de Hoog

et al., 2001; Wallace, 2001). This sug
gests the magma has a gas-rich phase 
at depth. This, coupled with magma 
de-gassing at shallower levels, could 
lead to excess upward-propagating 
pore pressures. In addition, dehydra
tion (boiling) of active hydrothermal 
systems during magma emplacement 
leads to considerable elevated pore 
pressures (Reid, 2004). Once a vol
canic system has reached a critical 
state, collapse my be initiated by any 
previously studied triggers (Dieterich, 
1988; Iverson, 1995; McGuire et al., 
1996; Voight and Elsworth, 1997). 
Indeed, if the edifice has been suffi
ciently weakened by hydrothermal 
alteration, internal pressurization 
may itself bring about the onset of 
collapse.
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Abstract

We present the results of a novel set of calculations into the effect of in situ pressure reduction of a crystal-rich, basaltic magma 
layer by propagating seismic (P) waves. Three stages in the process are identified. Critically, an instability can arise such that a low 
pressure melt layer develops close to the floor in initially densely packed magma (with mean crystal volume fraction 0 = 0.6) on 
near-instantaneous timescales. The role of particle pressure, p(z), a newly identified force arising from interactions between 
adjacent crystals in the magma, is fundamental to the development of the instability, which will not arise in crystal-free liquids. Key 
variables governing the instability are identified and include the mean particle diameter, the excitation frequency (1-10 Hz), 
interstitial melt viscosity and melt compressibility. The quasi-static particle pressure that develops as a result of the spatially- 
decaying oscillations leads to two effects: (1) a rapid reduction in interstitial melt pressure (c. 10 to 20% ambient pressure) leading 
to bubble formation, and (2) contraction of a thin magma layer at the base of the magma chamber. Where the basalt layer is overlain 
by silicic magma, the resulting gas phase may promote local gravitational interaction leading to chamber unrest. The proposed 
mechanism has implications for the timescales of crystal-liquid separation in magmas, which during the seismic event could be on 
the order of seconds.
© 2007 Elsevier B.V, All rights reserved.

Keywords: vibrated slurries; particle stress; seismic agitation; magma rheology

1. Introduction

This study is concerned with establishing the condi
tions under which magma stored in the upper crust will 
exhibit interstitial melt pressure reduction and possible 
intergranular stress reduction associated with earthquake 
activity, resulting in unrest and possible eruption. For 
good reason, most current models of explosive eruption 
dynamics focus on open-system processes, in particular 
the underplating of silicic reservoirs by hotter, more mafic 
magma, as documented recently at Montserrat (Murphy 
et al,, 2000). Theoretical and experimental modelling of

* Corresponding author.
E-mail address: npertbrd@boiiineniDUth.ac.uk (N. Petford).

0377-0273/S - see front matter © 2007 Elsevier B.V. All rights reserved.
doi: 10.1016/j.jvolgeores.2007.07.012

the shallow-level processes governing the eruptive 
behaviour of dacitic to rhyolitic magmas (e.g. Blake, 
1984; TaitetaL, 1989; MaderetaL, 1994; Woods, 1995), 
are now relatively sophisticated, and progress into this 
highly non-linear phenomenon is being made all the time 
(Melnik and Sparks, 2002; Lautze and Houghton, 2005).

However, it is well known that volcanoes and calderas, 
including large volume dacite and rhyolitic ignimbrites 
with emptive volumes in excess of 1000 km3 (Hildreth, 
1981; Lipman, 1984; Christiansen, 2001) develop 
preferentially in regions that are tectonically active 
(above subduction zones and hotspots). Where they 
have been studied in detail, for example the Land and Fish 
Canyon Tuffs, western United States, and the Cerro Galan 
and Atana ignimbrites, Andes (De Silva and Francis, 
1991; Lindsay etal., 2001), variations in crystallinity and

http://www.sciencedirect.com
http://www.elsevier.com/locate/jvolgeores
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chemical zonation trends imply complex pre-emption 
histories (Dmitt and Bacon, 1989; Reubi and Nicholls, 
2005). But despite the potential hazard posed by such 
large emptions, the mechanism(s) resulting in their 
emplacement at the earths surface remain controversial 
and poorly understood. As shown repeatedly by instru
mental records, seismicity and volcanic unrest are 
intimately related in continental arcs (Newhall and 
Dzurisin, 1988). In an extensive survey of caldera unrest, 
these authors showed that most seismic events in volcanic 
centres are small discrete earthquakes, with magnitudes 
(M) typically 3<M<6. The idea that seismicity can 
trigger emptions has been put forward by Linde and Sacks 
(1998) and the evidence reviewed more recently by Hill et 
al. (2002) and McNutt (2005). The idea of coupling 
seismology with magma fluid dynamics was highlighted 
recently by Brodsky et al. (1988). While it is not our 
intention to promote seismicity above other potential 
triggers, we nonetheless find it inconceivable, given their 
tectonic setting, that crustal magma chambers in varying 
states of crystallinity have not interacted mechanically 
with seismic waves at some level during their lifetime (see 
Pritchard and Simons, 2004), possibly with catastrophic 
effect.

In this article we examine the effects of earthquake 
activity on the stability of densely packed basaltic magma 
in a region close to die floor of a layered mafic-silicic 
magma system. We have in mind a large, partially molten 
zone in the upper to mid crust, consistent with recent 
seismic tomographic studies from Yellowstone and Long 
Valley (Weiland et al., 1995; Miller and Smidi, 1999), 
although our results are equally applicable to magma 
bodies located at shallower crustal depdis. Magma 
composition is quantified by our choice of viscosity of 
the interstitial melt phase, A key goal of our analysis is to 
determine the conditions and governing time scales under 
which vibro-agitation and potential magma fluidization 
due to shaking (as opposed to gas streaming) will occur, 
the latter already recognised as an important process 
during the emptive phase (Sparks, 1976; Wilson, 1984).

Consolidation phenomena and constitutive behaviour 
that take place in soil-fluid-gas mixtures during an 
externally applied pressure drop have also been studied, 
although again at near surface conditions only (e.g. 
Terzaghi, 1943; Theunissen, 1982; Kohler and Koen- 
ders, 2003). Importantly, the variables governing 
fluidization in low pressure water-soil mixtures, includ
ing gas solubility, initial saturation, porosity, permeabil
ity, particle density, actual and initial fluid pressure are 
also critically relevant to magmatic systems at higher 
ambient pressures and temperatures. Using appropriate 
values, we derive a set of equations that estimate the

change in pressure in the interstitial melt phase due to 
seismically-induced agitation, located near the bottom of 
the chamber caused by irreversible grain-grain interac
tions, and identify the relevant time and length scales. 
We show how the effect, once initiated, can result in 
rapid in situ bubble fonnation, and produce abrupt 
changes in local crystal-melt geometry. The role of 
compressibility and viscosity of the melt phase are 
highlighted and we show the instability is strongest 
where die interstitial liquid viscosity is high (> 10 Pa s), 
and die grain size (and hence permeability) low. Under 
these conditions, it is possible that the seismically 
triggered event is overtaken by a self-sustaining runaway 
effect (positive feedback), especially for gas production.

2, Background to the problem

The description of two-phase continuous media is a 
well-established chapter in continuum mechanics, 
which has applications in various branches of civil and 
chemical engineering (Koenders etal., 1993; Gidaspow, 
1994), but which has also received attention from the 
physics community (Biot, 1941), and from geologists 
(Richter and McKenzie, 1984; Bergantz and Ni, 1999; 
Marsh, 2002; Petford and Koenders, 2003; Baclimann 
and Bergantz, 2006). The basics may be found in the 
relevant textbooks, for example Bird et al. (1960). Here 
die theory is specialised towards particle—fluid mix
tures, including a further refinement that pertains to a 
minority third phase species: a small amount of gas in 
the fluid (melt). The tiieory will be applied to describe 
the mechanics of a layer of melt-embedded grains, 
agitated by oscillatory loading that originates from the 
base of the layer. This is a model for a shallow magma 
chamber with part-granular content that is excited by a 
P-wave associated with a deep earthquake (Fig. 1).

The mechanics of the problem has two aspects: the first 
is the actual (high frequency) oscillatory behaviour of the 
excitation. Various authors have already been concerned 
with diis in a variety of contributions, for example Mikha- 
yalov (2005). The second part consists of the secular 
(slow) quasi-static mechanical consequences of the 
motion, which - while mathematically simple - has not 
attracted much attention at all. Yet, it is in the quasi-static 
progression of the problem that die critical stability as
pects of die process are found. This should be of great 
concern for volcanologists. The key to the progression of 
internal change in the packed granular magma is the 
development of (1) a ‘particle pressure’ and (2) a reduction 
of the fluid pressure, bodi caused by die oscillatory motion 
of the crystals in the fluid. Both phenomena are localised 
in an area at the bottom of the chamber where the gradient



26 M. Davis et al. / Journal of Volcanology and Geothermal Research 167 (2007) 24-36

Roof rock 

Melt layer

--------------------------------------------z«H

Granular crystal mush

*0

i. t

Fig. 1. Schematic showing the geometry of the static, pre-emptive 
magma chamber with 50-70% crystal volume fraction on average. The 
magma has an intrinsic permeability (k). porosity (n), crystal volume 
fraction (0), stiffness (£), interstitial melt viscosity (tj). mean particle size 
(a) and density contrast zip (see Table 1 for values used). The chamber 
thickness is H An earthquake located beneath the chamber promotes 
particle-particle interactions close to the base of the chamber (z=0).

of the oscillation amplitude is largest (Fig. 1). While the 
particle pressure is in all likelihood not sufficient to 
fluidize the medium, it does cause a temporary change in 
the stress field, which may be sufficient to trigger plastic 
deformations in cases where the system as a whole is close 
to structural instability. A large effect is the lowering of the 
secular fluid pressure, which may lead to the formation of 
isolated gas bubbles. These in turn will make the fluid 
phase more compressible, thus creating a further reduction 
in the pore pressure, which will create more gas. It is 
emphasised that these effects are related crucially to the 
presence of incompressible, hard crystals in the magma.

The effects of agitated slurries have been observed in 
the laboratory. In small-scale dead-end filtration experi
ments with vibrated septum a critical point is observed. 
At this point the particle pressure is sufficiently large to 
lift the entire bed, clearing the septum and causing a 
sudden increase in the flow of the filter. The description 
of this phenomenon - both experimentally and theoret
ically - is reported in Gundogdu et al. (2003). The theory 
has been developed further and is reported in Davis and 
Koenders (in press). Below, the key aspects of concepts 
involved will be reviewed. The crucial difference

between the experiments reported in Gundogdu et al. 
(2003) and the magmatic system is that there is no mean 
vertical flow that assists gravity to stabilise the layer. In 
addition, the density contrast between melt and crystal
lised particles is rather smaller than that usually assumed 
for particles and fluid used in chemical engineering 
applications. As a result, the magma/crystal system is 
never very far from instability. In situ experimental 
verification of oscillated slurry effects is naturally not so 
easy. However, it should be possible to do scaled 
laboratory experiments similar to the ones that have been 
done by Gundogdu et al. (2003). The equations of the 
system should give a good idea of the scaling that ought 
to be introduced in order for realism to be preserved.

3. Theory

The theory of agitated slurries is treated in detail in a 
recent paper by Davis and Koenders (in press). Below 
the relevant equations are summarised and the under
lying physical principles explained.

3.1. Governing equations

The particle-phase mass density is denoted by ps\ the 
crystal volume fraction is <t> and the solid phase velocity 
is v. The fluid mass density is called py and the fluid- 
phase velocity u. All these are are field variables and 
depend on the position x and the time t. The basic 
continuity equations for the solid phase and fluid phase 
are given in the literature, see Green and Naghdi (1969), 
Willis (1983), Drew (1986):

d(Ps<f>) . d{psVi<f>) n. 

dt dXi

-^M1 -40]+----- = °. (2)

where Einstein’s summation convention is used.
The solids mass density is assumed to be constant 

(Eq. (1) may therefore be divided by ps), but the fluid is 
compressible and consequently pf may depend on 
position and time. The main cause of the compressibil
ity is the presence of a small amount of gas in bubble 
form. The gas phase is a small minority species in the 
fluid phase. No separate equation set for this phase 
is necessary as the motion of the gas phase does 
not significantly affect the stresses in the medium. 
Its presence is denoted by making the fluid phase 
compressible. If the compressibility of the fluid is called
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/?, the volume change of this species is related to the 
fluid pressure variation and Eq. (2) becomes:

(1 - 0)/? Dp
Dt

d(j> d[(l - fyiij] 
dt dxj (3)

where the substantive derivative D/Dt has been 
introduced. The compressibility ft is introduced such 
that the relative density change is related to the change 
in fluid pressure p through p}1 Dpf!Dt = ftDp!Dt.

The equations of motion (the momentum balance 
equations) are required. These are well-researched and 
reported in the literature: Green and Naghdi (1969), 
Willis (1983), Drew (1986). The partial particle phase 
and fluid (melt) phase stresses are denoted by 0S and 
(1-0)<t. For the fluid stress a simple isotropic form is 
assumed: -pfi, where 5 is the unity tensor. The 
intergranular stress t is obtained from the particle phase 
stress and the fluid pressure: r=0(S +/>5). The fluid drag 
force is proportional to the velocity difference in particle 
and fluid phases with proportionality (drag) coefficient R 
(0). A set of terms is introduced to compensate for the 
attached mass of fluid to the particles. These terms require 
a proportionahty constant x- Body forces associated with 
gravity are also introduced; the acceleration due to gravity 
is g. For each Cartesian component (/= 1,2,3), the 
equations read:

^Psijt~=ih-^1^ + -y/)

+ i^P/ («✓ - + tfisg/i (4)

(1 - <!>)Pf~~- = —((1 - 0)<Vi) - 0^(0) (m/ - V/)

+ - - v^)

+(l-0)p/g/. (5)

There are a number of further small corrective terms 
reported in tire literature, see for example Drew (1986). 
These are all neglected for the problem in hand.

Instead of the fluid and solids velocity fields u and v it 
is both advantageous and physically more meaningful to 
work with the discharge (superficial) fields q = (l -0) u 
and r=0v. This is further elaborated in Davis and 
Koenders (in press). Closure of the equations is achieved 
in the usual way by introducing a stiffness E and a 
damping y, relating the particle-phase stress to strain e 
and strain-rate e respectively.

Below two time-scales are distinguished. These are 
the fast, oscillating time scale, which is explored for 
small fluctuations, and the secular, quasi-static changes 
in the packed bed, which accompany the oscillations. 
The two are coupled: the high-frequency variations (with 
circular frequency of) lead to secular effects and the slow 
changes lead to a modified response in the fast 
variations. One of the effects associated with fast 
fluctuations is the manifestation of a more or less 
constant particle pressure', this effect is described in the 
literature and is associated with inelastic collisions or 
hysteretic phenomena, see for example McTigue and 
Jenkins (1992). It is also reviewed in the paper by Davis 
and Koenders (in press). Oscillatory solutions of the 
equations of motion are obtained by linearisation and 
consideration of the dominant Fourier component only. 
Non-trivial correlations between out-of-phase field 
variables lead to secular terms, which will be incorpo
rated into the quasi-static equations. All field parameters 
are written as a time-averaged part (denoted by an over 
bar) plus an oscillating part (indicated by a tilde); for 
example cp(x,t) — 0 (r, f) + 0(a', t). The particle pres- 
sure, while induced by oscillations, is quasi-static in 
nature and denoted by if. Its value due to collisions in a 
vigorously agitated system has been estimated by 
Gundogdu et al. (2003). The momentum transfer that 
takes place during collisions depends on the interparticle 
force present before die collision. This force scales 
according to die lubrication force in squeeze flow as 
particles approach or depart. The scaling is proportional 
to the fluid viscosity i] and the ratio of die particle 
diameter to die mean gap widtii a!h. The magnitude of 
die relative velocity difference between particles is 
estimated from the amplitude of the velocity gradient 
dv/dz. Thus Gundogdu et al. (2003) obtain:

71 = O]

dv
dz

a
A’

(6)

where c is a constant of the order of 0.3-0.8. This 
estimate of the particle pressure is entirely based on the 
slurry properties of the particle-fluid mixture. For 
densely packed media with enduring contacts other 
terms come into play as well, increasing die particle 
pressure from die value estimated by expression (19).

The equations tiiat describe die secular change in the 
oscillated, packed magma slurry are derived by setting 
all dynamic terms equal to zero. The quasi-static 
evolution in the magma is a small variation superim
posed on static equilibrium. It is caused by the ‘switching 
on’ of the particle pressure. There are thus three stages in 
the process: (1) the stage before the earthquake starts —
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the static bed with no additional particle pressure; (2) the 
secular evolution after the earthquake has excited the bed 
and the particle pressure is first manifest; (3) the stage 
that describes the stresses etc a long time after the 
earthquake has started. What is important here is the time 
constants of the problem, that is, the parameters of the 
problem itself indicate what is meant by ‘a long time’. 
Typically, the period of oscillation is of the order of 0.1 s. 
It will be shown below that the time constant of the 
secular change is of the order of 1 -10 s and the duration 
of the quake is approximately 60-100 s. With these 
estimates it is clear that the effects of the excitation will 
be fully consolidated in the lifetime of the quake.

3.2. Static case (stage 1)

tivity of the drag coefficient to crystal volume fraction 
variations dR/d<f>,

Simplifying assumptions will be made. The first of 
these is that

1. The packed bed and the interstitial fluid are on 
average at rest and therefore F and q can both be set to 
zero. The equations that describe the oscillated slurry are 
then derived by Davis and Koenders (in press) and take 
the form:

dd> drz
------£ = 0;

dt dz (Ha)

tub)

First, the purely static limit is considered (denoted 
by subscript stat). All the velocities are zero and all 
time-dependent terms are irrelevant. The stresses 
depend on the vertical coordinate z only and they
obey the set:

(7)

(8)

These equations are of course easily solved. At the top 
of the layer of sediment (z=H) the intergranular stress 
vanishes; the fluid pressure is the full pressure at the 
relevant depth/^(O) and therefore:

£(*(«%,+7(0
-ip -pi + R(<t>) ~ ^

(lie)

(lid)

Tsm = (l){px - pf)g{z - H) (9)

PstM ^PsUilW) ~ PfgZ (10)

The static pressures define the parameter range of the 
problem. Typically/rsml(0) is of the order of 107-108 Pa. 
The sediment layer has a thickness of some 10-100 m; 
given the small density contrast between solids and 
fluids the grains are therefore only very lightly loaded — 
comparable with shallow soil mechanical problems.

Davis and Koenders (in press) show that it is reasonable 
to regard^ as a constant in this analysis. In that case the 
solution of the oscillatory field parameters has the form 
exp(Az) exp(ift>f) and a value for X is easily derived. The 
average is evaluated over a length scale of the order of 
magnitude of |A|-1; 1 /Re(X) is the penetration depth. 
Davis and Koenders (in press) then make a number of 
assumptions concerning the order of magnitude of the 
material parameters in the problem. Here different 
assumptions are made; these are relevant to the high 
fluid pressure regime and low sediment bed stiffness that

3.3. Oscillatory solutions (stage 2)

When the Eqs. (I), (2), (4) and (5) are expanded in terms 
of the oscillatory field variables, the parameters E and R 
must be expanded separately. So, for example, the term 
tl>R((l>){us v/) = <£/?($)(j?//{l - 0) - r,/4>) _has a 
variation (^^/(l —(f)) — f/ +fe/(l-0)2) + 
dR/dcf) {(f>q/J{\ — </>) —r/)iy which contains the sensi-

Table l
Typical values for the parameters of the problem for a magma chamber

Pf 2.5 x 103 kg m'3 O) 60 s 1 H 100 m
Py 2.7 * i 03 kg mf3 E 5.x 10® Pa y 10 TJ
4> 0.6 P 5.x 10_,Pa_l a 10“
X 0.5 1 10 Pa s g 10 ms~1
R 1010 Pa s m-2 K 100 aih 100
P 10® Pa N-o l/(10n)
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may be expected. Estimates of the values of the 
parameters are given in Table 1.

(1) The stiffnessE and the mean fluid pressure (p) are 
in the same order of magnitude. This can be 
determined simply from the numbers.

(2) The mean crystal volume fraction (f) is in the range 
0.5-0.7. These are normally expected values for 
an unfluidised granular medium.

(3) The parameter ro/y«If The resistance R is 
proportional to tj/a2, where rj the fluid viscosity 
and a the particle diameter. Now, the ratio copf /R 
is proportional to ((m)pj-a/)]. As (coa) has the 
dimension of a speed, the ratio copf/R is akin to a 
Reynolds number. So, other than doing the 
numbers for a particular case, it is observed that 
the oscillatory motion leads to slow interstitial 
flow.

(4) gp/is much smaller than |/.|E; this follows simply 
from a comparison of the numbers for |A|~a-1. 
This is an approximation that says something 
about the nature of the localised phenomenon.

Davis and Koenders (in press) also find the means of 
tire cross-products. Defining the inverse penetration depth 
MA - 4, - yjlRAAEHX ~f)+ l)/[d -Am-A+P$)l 
the cross product averages that are necessary for the 
development of the secular equation can be evaluated. For 
example:

— co f2n/(0 • - A . .= — 70 Re{?e,i0te-^)Re((l)elC0te-^)dt

4\A»(i -4>)(e{{ -0) +p4>)

The others are obtained in a similar way:

rr= - w +T)(£/;(i - 0)+
W<j>C —<t>)co(E(\ -?)+p?)

ER(EpC -4>)+pe-2/“ ^
2ra(l-?)(S(1-5)+7'?)'

(15)

(16)

In practical terms the difference between pf and ps is 
small, so one may set ps=pf+dp, where dp!pf is a 
number that is substantially smaller than unity. It is also 
observed that in practice cof/E is a small parameter. Now, 
making good use of approxunation 4, above, it is found 
that up to first order in dp and coy the two roots A2 are:

„2 iRd>co(EB{\ ~ 6)-\-l)

dp$(l-j)m2(l- 1)
(gJg(W) + l)(E(l-0)+p<fr) 

t y^ER(f>{l -(¥<!>) pdp(j>(o2(L -0)

The largest value (by far) is the first root; tire one with 
tire negative real part is chosen. For this case, die rela
tionship between the various field parameter's is expressed 
in the ratios of tire amplitudes, which are denoted by hats:

f^O;

R(EP{i -<ft) + l)e~22oZ 
2co(l -5)(E(1 -^) +p?)

Finally, the particle pressure becomes:

-hz

%i<]> = - ■

dv
dz

-=cltA0-\r\e% = Cl/

3.4. Secular solutions (stage 2)

(17)

(18)

(19)

The secular equations are obtained from Eqs. (1), (2), 
(4) and (5) by time averaging over one cycle. They 
involve averages of fields and averages of double 
products of fluctuations of fields. Two parameters are 
introduced, CR defined as dR/dcj) and Ce as dEjd<(>\ 
forward evaluation yields die following:

g/zR(g/)(I-^) + l)(l-Q 

2\/<Mi -<£)(£(i -<£)

? =

7 =

2yfem(l -^)(B(1 -Tj>) +p(j>)

gff(l -?)+^
<!>

d(f) drz 
dt dz

= 0. (20a)

(13)

a-m%+ dp\
l — (j) dz J

+ ^=0;
dz

d(f)
~dt

(20b)
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— (Ts +71 + - (j)p
OZ

+R
(A-'’)

-4>ps& - 0; (20c)

csfe-(W)+7)%

y-<i> (i-0)‘

-(1 -0)prg = O.

0) r2 (20d)

derivatives will be negligible. Then, assuming //» Aq l, 
the solution for the stresses is simply:

ap-2aqz

= + (25)

+g<j>(z - n){ps - pf);

Ae-2^2
^^~22o(l-^)~g(Z~^' (26)

The terms are elaborated:

A _ W(gj8(l-?) + l)
2ao(1-^) 2<o(l-?)(S(1-0)+/>0)

Ce CrP<P Cr 1
\E 2ER(r-J) W (1-?)/’

(27)

The appropriate term for the particle pressure has also 
been introduced here. The term d<f)/dt\s eliminated and 
the cross products are inserted. These steps lead to the 
following simple equations:

ty 0
dt + dz

h

(21a)

qz dp\ drz dq:
\ — (f>dz) dz dz (21b)

— Be~1/QZ — (j)p) (21c)

-(l- 4i)pfg = Ae-2>«\

(21d)

where

A =

B

fewilER + Cr{E{\ — <j>) +p(f))(E()(] ^)+

4v/w(l — (f))*/2(E(\ — (j)) + p<f))

CER{EP{l-(j)) + l)
2co{\-<j))(E{\-<[>)-\-p4>)}

n — ctiAo-\r\.

r ; 

(22)

(23)

(24)

Some time after the oscillation has been ‘switched on’ 
the system will be in steady state: the velocities and time

A RE{Efi{\-4>) + \) .
22o(l — <£) 4co(l — ^)2(^(1 — ^)+^)

In a separate analysis Davis and Koenders (in press) 
show that the time constant involved in reaching the 
steady state is maximally of the order of magnitude of 
the duration of one cycle of the quake.

4. Results and implications

The results of the theoretical analysis are now 
explored. Estimates for the parameters in the problem 
are first provided. The drag coefficients is derived from 
an estimate Happel and Brenner (1991), and depends on 
the melt viscosity r\ and the particle diameter a and is a 
function of the crystal volume fraction <f>:

-R = igaq^l--------- ----------------------- (29)

For the rheology of the dynamic stiffness Effi) the 
literature on oscillated compressed packed beds is useful. 
According to Hardin and Richart (1963) this modulus (in 
samples with isotropic prestress r^o) depends on the 
void ratio e(= (1 — </>)/</>) and has the form:

E^f0T'f(2.n-e)2/(l+e), (30)

where f0 depends on the material parameters of the 
grains. A reasonable value for granular magma is 
/o=3xl04 Pa1/2.
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The particle pressure given by expression (19) 
requires an estimate for a/h. For spherical particles an 
estimate is available: Torquato et al. (1990):

a 60(2-0)
Ti (1-0)3 (3 }

For non-spherical particles no estimate is available at this 
stage. For high values of (f) the parameter a/h rises fast, 
indicating that the linear particle pressure becomes 
important at high densities; this term works so as to 
expand the packed bed. The quadratic particle pressure - 
expression (27) - may work either expansively or lead to 
contraction. With the estimates for E and R the quadratic 
particle pressure consists of a positive front factor and the 
non-dimensional term:

n _ [ ce CRjnf) CR 1 \
Ps \E 2ER(]-$) IR (1-5)/' '

ps depends on (j) and the ratio xp—p/E. Fig. 2 shows the 
behaviour. A negative value of ps implies contraction, a 
positive one expansion. Thus, as far as the quadratic 
contribution to the particle pressure is concerned, for low 
packing fractions the magma layer will expand to lower 
values, while for densely packed media (</>>0.5), the 
oscillation will further contract it.

The order of magnitude of the particle pressure is a 
multifactorial question. Other than the packing fraction the 
gas content, the frequency of oscillation and the amplitude 
of the agitation are all involved. Also, the penetration of the

must) expands

mush contracts

increasing chamber depth

♦
Fig. 2. The proportionality constant ps, defined in Eq. (32), as a 
function of the mean crystal volume fraction (j) at various values of the 
ratio of the ambient pressure, a function of magma chamber depth, to 
the skeletal stiffness of the mush. The figure gives an impression of the 
induced extra-particle stress due to the quadratic term as a function of 
increasing magma chamber depth beneath the surface (xp increasing). 
The results imply that for magma mushes with >50% solids, seismic 
agitation results in contraction.

increasing chamber depth

0

Fig. 3. The proportionality constant/^ defined in Eq. (33). as a function 
of the mean crystal volume fraction (j) at various values of the ratio of 
the ambient pressure to the skeletal stiffness (see Fig. 2 for definition of 
tenns). The figure gives an impression of the induced extra fluid 
pressure reduction due to the quadratic term. It is this effect that causes 
bubbles to form during seismic agitation. Arrow shows effect of 
increasing depth of magma chamber from the surface. The higher the 
ambient pressure (deeper the chamber), the greater the rate of pressure 
reduction and hence bubble fonnation.

linear effect is less localised (proportional to exp (-Xqz)) 
than the quadratic effect (proportional to exp (—2Ao-)). 
Some practical values based on the parameter estimates 
given here indicate that for oscillations with an amplitude 
of one particle diameter (1 mm) the quadratic effect is far 
stronger at z=0, implying a contraction of the bed. 
Increased frequency has a profound magnifying effect on 
all contributions to the particle pressure. Increasing gas 
content increase the particle pressures slightly. But the 
key parameter in this is the melt viscosity; it both 
enlarges the pressure contributions, but also - dispro
portionately - makes the penetration depth smaller 
(proportional to rj~l/2), thus increasing the linear particle 
pressure (proportional to r/3'2) and the quadratic contribu
tion (proportional to rj). At high viscosities (order 100 Pa .9) 
all effects are very large, implying accute dcnsification of 
the magma mush in a thin zone where exp (-2Aoz) 
dominates and severe expansion in a thin zone just above 
it, where exp(-Aoc) is greater than (-IXqz). Such locally 
diverse behaviour is likely to have severe consequences 
for the overall stability of the magma layer, especially 
where the chamber is compositionally and/or Theological
ly zoned (see discussion). Finally, increased gas content 
has a minor effect on the particle pressure contributions.

In all this the linear theory has been used giving a 
first idea of the effects; it is very doubtful that the linear 
theory is correct for large amplitudes when the magma 
has both solid and fluid properties. To gain more insight 
in the non-linear properties of the system a discrete 
computer simulation would have to be done.



32 M. DavLi et al. / Journal of Volcanology and Geothermal Research 167 (2007) 24-36

The fluid pressure variation under oscillation is of great 
interest. There is no linear term; the term in brackets in 
expression (28) is:

Pf =
'CtTri „ Cr{1-4>)

-t- 1 ........

. ER 2R
(33)

which is plotted in Fig. 3 for various values of the ratio xp. 
Because of the minus sign in expression (28) the fluid 
pressure always decreases. The magnitude of decrease is 
typically of the order of 5-10% of the static pressure for 

= 10 Pa s (all other parameters as quoted before) and is 
linear with viscosity, implying that if the magma is highly 
viscous (dacite-rhyolite), negative pressures would 
actually result. It is also linear in the frequency of 
agitation.

The effect of a fast-falling fluid pressure in a 
localised zone is the generation of gas bubbles. This is 
the main effect in terms of unrest. The pressure fall-rate 
is typically of the order of magnitude of 106 Pa s-1.

5, Discussion

A number of implications for the dynamics of layered 
mafic-silicic crustal magma chambers flow from our 
model. Firstly, the idea of a rheological lock-up point at 
high crystal contents (e.g. Vigneresse et al., 1996) is 
meaningless in this context as the excitation mechanism 
results in disruption of the solid mush at crystal contents in 
excess of 50%. Indeed, it is the requirement of the granular 
framework to actively deform at crystal contents in the 
range O.45<0<O.7 that provides the novelty of the 
mechanism. Fig. 2 gives insight into the behaviour of the 
oscillating magma layer at high crystal loads. For an 
ambient magma pressure of 107 Pa (equating to a depth of 
c. 5 km), seismic agitation will result in net contraction of 
the mush in the basal layer. At the same time, the pressure 
in the melt phase drops. To understand what might happen 
in the plutonic environment, we can draw parallels with 
volcanic processes accompanying decompression as 
magma ascends towards the surface — e.g. Sparks 
(1978), In the uppermost crust, low pressures and high 
magma crystal volume fraction promote degassing and 
bubble nucleation: Mangan and Sisson (2000). Bubble 
formation in magma is strongly dependent on the 
attainment of low pressures, due in part to a large kinetic 
barrier preventing nucleation directly from the melt phase 
(Sparks, 1978), although this is ameliorated by heteroge
neous nucleation on crystals (Mangan etal., 2004). In their 
unperturbed, static state, pressures and gas solubilities in 
magma reservoirs deeper than several km are such that

volatiles will not exolve, despite the presence of crystals 
(Moore et al., 1995; Wallace, 2001). However, as shown 
above, during excitation the melt pressure is reduced 
substantially such that the magma locally undergoes in situ 
decompression. The calculated local pressure drop AP 
over a characteristic time interval (r) of 10 s lies at the upper 
end of the experimental values (0.025—1 MPa s_ l) known 
to promote heterogeneous bubble formation in viscous 
magmas (Mangan and Sisson, 2000; Rutherford and 
Gardner, 2000). The fate of these bubbles is worth 
exploring. Most studies of bubble formation in magmas 
have focused on open-systems where degassing and 
magma recharge are intimately linked (e.g. Phillips and 
Woods, 2001; Bachmann and Bergantz, 2006). A counter
intuitive observation is that during seismic agitation, 
bubble formation will actually increase with increasing 
magma chamber depth from the surface. This is because 
bubble formation is governed by the rate of pressure drop, 
so that for higher initial ambient pressures (deeper magma 
chambers), we predict more, smaller sized bubbles. For 
shallower chambers the model predicts fewer, larger 
bubbles (Fig. 3).

While our model is effectively a closed system 
processes, there is nonetheless a striking complementarity 
with high-level volcanic systems. For example, once 
formed, gas bubbles may migrate upwards through the 
magma pile, either gravitationally, or as a result of 
extremely rapid segregation of melt into transient, high 
permeability channels (possibly analogous to shrinkage 
cracks) in the contracting mush.. Over time, bubbles could 
find themselves trapped at the interface between the top of 
the mafic mush and overlying silicic magma, possibly 
forming a separate foam layer (e.g. Tait et al., 1989). 
Subsequent gravitational instabilities here could result in 
localised mingling of magmas across the mafic-silicic 
interface in a manner similar to that proposed by Couch 
et al. (2001) or, following Bachmann and Bergantz 
(2006), rejuvenation of the overlying silicic magma by 
gas sparging. The latter model has been proposed as a 
mechanism for transferring heat upwards from a basaltic 
layer into more evolved magma without the need for 
significant chemical interaction. We note in passing that 
while our proposed mechanism is iso-chemical, the 
agitation effect will require significant viscous dissipation 
of heat. The thermal consequences of the model are yet to 
be explored, but following recent work on viscous 
dissipation in volcanic flows (Vedeneeva et al., 2005), 
are likely to be important.

In some ways this sequence of events, in particular 
the role played by bubble formation, is complementary 
with the advective overpressure and rectified diffusion 
model of Brodsky et al. (1988), although differs in the
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important respect that here it is the particle pressure that 
is responsible for decompression and bubble formation. 
Whatever the ultimate fate of the bubbles, changes cited 
as diagnostic of magma unrest at depth including

harmonic tremor, rapid variations in seismic energy 
release and surface uplift (Newhall and Dzurisin, 1988), 
are not incompatible with our model of chamber-wide 
magma agitation, indeed we consider them highly likely
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Fig. 4. Schematic diagram showing the proposed relationship between particle pressure and melt (fluid) pressure during seismically-induced magma 
excitation and instability development, (a). Curves summarising the complementary increase in particle pressure and simultaneous decrease in fluid 
(interstitial melt) pressure over the period of one earthquake cycle. Note that while the particle pressure ‘switches off’ as soon as the earthquake ends, 
the low pressure in the melt phase takes longer to decay back to its original (ambient) value, (b) Zoned and layered magma chamber geometry, 
showing a mafic layer close to the floor where bubble fonnation is predicted to occur while the earthquake is in progress. The presence of crystals 
should facilitate heterogeneous bubble fonnation. The solid phase (mush) undergoes contraction where the crystal content locally exceeds 50% 
(cf. Fig. 2). Once formed, bubbles are free to migrate upwards through the magma and collect at the basalt-silicic magma interface, (c). Conceptual 
development of the layered system some time after excitation. A low density foam layer has developed at the interface between the mafic and silicic 
magma, promoting local gravitational instability. Bubbles might rise into the overlying silicic layer if viscosity pennits. The presence of new bubbles 
results in magma overpressure at the base of the chamber (outwards arrows).
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consequences of our proposed effect. The agitation 
effect may also produce its own, possibly unique, 
internal seismic wave field - e.g. Neuberg and O’Gor
man (2002) - that could provide a test of the model. The 
sequence of events following on from seismic wave 
interaction with magma are summarised in Fig. 4.

5.1. Petrological implications

The agitation instability outlined here provides a 
mechanism for extracting a chemically evolved high 
melt fraction layer from a densely packed crystal mush 
on near-instantaneous time scales. In this way, 
seismically-induced fluidisation could act as a non- 
traditional differentiation mechanism that is indepen
dent of purely thermal effects (Sparks, 2003). The fact 
that our model requires both crystals and earthquakes 
as initial conditions, and results in fluid flow, nicely 
couples current geochemical work aimed at determin
ing crystal residence times in magmas (e.g. Wolff 
et al., 1999; Hawkesworth et al., 2000; Charlier et al., 
2004), with the dynamic aspects of the problem. 
Clearly a distinction has to be made between crystal 
residence times, which could be of the order of 
thousands of years (Halliday et al., 1989; Reid et al., 
1997), and eruption times, which are significantly less 
than this. While our model is consistent with longer 
term, secular processes in magma chambers (e.g. 
compaction) and gas sparging (Sisson and Bacon, 
1999) involving buoyancy forces, the oscillation and 
pressure reduction instability provides a plausible 
mechanism for repeatedly separating crystals from 
contact with melt over the lifetime of the chamber, 
prior to eruption. Fluctuating episodes of crystal 
separation from liquid and allied degassing during 
the residence time of the crystal, up to the point of 
final withdrawal and eruption are predicted features of 
the model that may be testable geochemically, perhaps 
through detailed studies of melt inclusions and crystal 
zonation patterns. Indeed, should magma overpressure 
due to in situ bubble formation result in structural 
failure of the surrounding wall rocks, then full-scale 
eruption could result (see also Phillips and Woods, 
2001). Another feature might be the rapid extrusion of 
mixed batches of broadly similar magma that show no 
petrological or geochemical evidence for significant 
mafic input, as in the Okataina and Taupo volcanic 
centres, New Zealand (Smith et al., 2006).

Finally, the theory as presented is used in a linear, 
small variation limit. Naturally when the amplitudes 
become very large (»mean grain size), and as the 
viscosity of the interstitial melt phase increases, non

linear corrections to the theory become very substantial 
(see Melnik and Sparks, 2002 for the case of magma 
ascent), although the effect should also be present in 
coarser grained magmas where the excitation frequency 
is of comparable magnitude (Gundogdu et al., 2003).

6. Summary

We present a model of magma instability due to 
seismically-induced agitation. Three regimes are recog
nised as important in the development of the instability 
(static and secular) and are quantified analytically. The 
sequence of events is complex and interdependent, but 
results suggest that during excitation, the pressure in the 
solid phase (granular mush) at the floor of the chamber 
increases and at crystal contents in excess of 50%, net 
contraction of the magma layer takes place. Based on 
comparisons with experimental work, the corresponding 
fall in pressure in the melt phase (c.l MPa s-1) is 
sufficient to form bubbles in viscous magma. A direct 
consequence of the proposed mechanism is rapid (near 
instantaneous) separation of melt from crystals. Bubbles 
formed during excitation may migrate upwards to the 
top of the magma layer (roof rock or interface with a 
different magma) and form layer capable of gravitation
al interaction (heat and mass transfer) with an overlying 
fluid. Finally, magma at the chamber base following the 
earthquake will be overpressured due to the presence of 
new bubbles. If the pressure exceeds the local strength 
of the surrounding country rocks, the chamber may fail 
resulting in eruption. None of this will happen in a 
liquid-dominated magma chamber subjected to seismic 
agitation. The notion that high levels of crystallinity 
(>50%) in chambered magma constitute a rheological 
barrier reducing the risk of eruption may need revision.

Symbol Meaning Unit

A Parameter defined in Eq. (22) Pa m-1
a Mean particle radius m
B Parameter defined in Eq. (23) Pa
Ce OE/dij) Pa
C* an/aij} Pa s m-2
c Proportionality constant for the particle pressure -
E Skeletal stiffness Pa
e,6 Strain tensor, strain rate tensor -s'1
e Void ratio (1 —(j>}/<p -

Vertical strain -
fo Grain material parameter Pa1/2

g Acceleration due to gravity m s-2
H Layer thickness m
h Gap width m
P Fluid pressure Pa

P Particle pressure Pa



M. Davis et al. / Journal of Volcanology and Geothermal Research 167 (2007) 24—36 35

Ps Non-dimensional front factor for 
the particle pressure: Eq. (32)

_

Pf Non-dimensional front factor for 
the particle presstue: Eq. (33)

—

q Fluid discharge velocity (l-<j&)n m s" *
R Fluid drag resistance Pa s m“
r Solid discharge velocity 4>v _ im s
t Time s
u Fluid velocity _ im s
V Solids velocity m s“
X Position vector m
z Vertical posirion m
P Compressibility Pa"1
y Damping coefficient Pa s
s Kronecker delta -

>i Melt viscosity Pa s
A Inverse penetration depth (real part Ao) nf'
7T Particle pressure Pa
0 Ciystal volume fraction -
X Attached fluid mass coefficient -
Pf Melt density kg m_ 3
Ps Solids density kg nf3
dp Ps-pf kg nf

Partial solid-phase stress Pa
cr Partial fluid-phase stress Pa
T Intergranular stress Pa
CO Circular frequency Hz
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[1] We present the results of an analytical model of porous flow of viscou^^^t into 
a steadily dilating “channel” (defined as a cluster of smaller veins) in dowp^j^hj^Kubarc 
mantle. The model predicts the pressure drop in the mantle wedge matr^c suflbunding 
the channel needed to drive melt flow as a function of position and tim^y^lyis sucked 
toward the dilatant region at a near-constant velocity (10-5 s-1) unlff^fc^omprising 
the channel stop opening (/ = r). Fluid elements that complete theitour^y within the 
time span t < r arrive at a channel. Our results make it possible the region of
influence sampled by melt that surrounds the channel. ThjflBMnOTl^Large compared to 
the model size of the channelized region driving flow. fifrTfeeluS'clilation time of 
1 year and channel half width of 2 m, melt can be samplSl^er an 80-m radius and has 
the opportunity to sample matrix material with potentially ccm^tfting chemistry on 
geologically short timescales. Our mechanical results are consistent with a downgoing arc 
mantle wedge source region where melting and melt^l^gtion by porous flow to a 
channel network are sufficiently rapid to preserve ^lLxe^j?rived 23*U-230Th-226Ra, and 
potentially also “26 Ra-210Pb, disequilibria, prior^^nr^bfa ascent to the surface. Since 
this is the rate-determining step in the overall procS^rt allows the possibility that such 
short-lived disequilibria measured in arc rocks at the Surface are derived from deep in 
the mantle wedge. Stresses due to partial do not appear capable of producing
the desired sucking effect, while the/^jderVynpmtude rate of shear required to drive 
dilation of ~10 7 s 1 is much larger tm^^mraresulting from steady state subduction. 
We conclude that local deformation cpfes u^tcess of background plate tectonic rates are 
needed to “switch on” the distant fcmnn^l network and to initiate the sucking effect.
Citation: Petford, N., M. A. Koender^^dW^ 
226Ra-210Pb disequilibria in arc

rorner (2008), Channelized melt flow in downwelling mantle: Implications for 
hys. Res., 113, XXXXXX, doi:10.1029/2007JB005563.

1. Introduction
[2] The dynamic bflfc||^^fth^barth is a result of its 

internal heat. Volcanistn the most spectacular
manifestation of this, anrneat advection by magmas is 
the most efficient meansVp heat transport. Beneath the 
Earth’s volcanic mid-ocean ridges and oceanic islands, 
melting occurs in an upwelling mantle matrix with melt 
extraction often presumed to occur via percolative flow 
followed by channeled flow [e.g., Spiegelman et al, 2001; 
Spiegelman and Kelemen, 2003]. Currently, the timescales 
and length scales governing this important flow transition 
are poorly known. Yet without some estimate of melt 
velocities and transport times, the degree to which interac
tion between melt and peridotite matrix may take place 
remains speculative at best. U series disequilibria can be

'School of Conservation Sciences, Bournemouth University, Poole, UK.
^Centre for Earth and Environmental Science Research, Kingston 

University, Kingston, UK.
3GEMOC, Department of Earth and Planetary Sciences. Macquarie 

University. Sydney, New South Wales, Australia.

used to constrain the rate of matrix upwelling and also the 46 
threshold porosity at which melt is extracted from the 47 
matrix. In contrast, the total time for melt extraction is 48 
ambiguous depending on whether the observed disequilibria 49 
are modeled by dynamic melting with rapid extraction 50 
[e.g., McKenzie, 1985; Williams and Gill, 1989] or equi- 51 
librium porous flow involving very slow melt percolation 52 
[Spiegelman and Elliott, 1993; Asimow and Stolper, 1999], 53 
Because the exact melting rate and porosity are linked to the 54 
total time involved, better knowledge of the timescales and 55 
length scales of melt transport in the source region would 56 
help improve estimates of these variables. Nevertheless, 57 
there is growing evidence that melt extraction beneath ridges 58 
and ocean island volcanoes is fast and may in some cases 59 
take place on decadal timescales [Bourdon et al., 2005; 60 
Rubin et al., 2005a; Stracke et al., 2006], 61

[3] At island arcs the situation is rather different. Because 62 
of induced convection against the subducting plate, most 63 
current models of melt production in arcs assume that the 64 
mantle wedge directly above the slab, where a significant 65 
portion of arc magmas is generated, moves downward 66 
through the melting zone. Furthermore, the 231 Pa disequi- 67 

libria are consistent with the matrix flow rate in the melting 68 
region being the same as the local convergence rates. 69
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Figure 1. Geometry of the channel, defined as a high- 
porosity (n = 0.4) dilational zone comprising numerous 
smaller veins. Three regions are identified: 0, where the 
dilation occurs; plus, almost undeformable permeable 
material to the right of 0 at x > <5; and minus, almost 
undeformable permeable material to the left of 0 at x < —6.

Although recent work suggests that decompression melting 
due to viscous entrainment may also take place in some arcs 
[Conder et ai, 2002], the problem of melt extraction in 
downwelline matrix still requires attention. Additional 
226Ra excesses in arc lavas correlate with trace^le: 
indices of fluid addition (e.g., Sr/Th) and so are infe 
result from fluid addition from the subducting plate. Cf7 
cally, because this implies these signals originate at the basi 
of the melt region, their preservation allow^Jbertant 
constraints to be placed on the magma 
this may be on the order of 100-1000 m 
2001]. Although porous flow models can 
226Ra excesses [Spiegelman and Elliott, 
predict a positive correlation wid®Sr/Tl 

[4] In contrast to creeping flow 
mid-ocean ridges, these high! 
channel-dominated melt ascen 
ever, an important condition 
supplied to channels over so: 
enough that short-livi 
Such high rates requi 
they appear incompatibl 
purely by compaction an 

Stevenson, 1989;

From this, we seek as a first step to establish a rigorous ill 
solution to the mechanics of the problem and provide order 112 
of magnitude estimates of (1) the characteristic pressure 113 
gradients needed to drive porous flow of melt toward a 114 
dilating channel, (2) the maximum distance (or radius of 115 
influence) surrounding a dilating channel from which melt 116 
can be sampled such that a required activity ratio is pre- 117 
served, and (3) the possible mechanism(s) governing dilation 118 
in downwelling maxdH^. Once the theory part is established, 119 
the way is paved fontrtfcer (numerical) work that can model 120 
the flow process in nji^detail. 121

2. Model Gei 122

essfully for 
rates require 

surface. How- 
r, that the melt is 

ing length scale fast 
uilibria are preserved, 

amical explanation, yet 
sport process governed 

pie porous flow [e.g.. Sleep, 
2005].

[5] Clearly, there is a need to develop physical models for 
melt transport in the mantle wedge above a subducting slab 
analogous to those put forward for melt extraction at mid
ocean ridges [e.g., Aharonov et ai, 1995; Spiegelman et ai, 
2001: Spiegelman and Kelemen, 2003], whereby an initially 
small melt fraction, distributed at or along grain boundaries, 
develops into a channelized network. More generally, in 
order to develop a self-consistent model of subduction 
zones, there is a need to explore physical processes that 
take place in the mantle wedge on short temporal and spatial 
scales [e.g., van Keken, 2003]. As a first step toward this 
goal, we present the initial results of an analytical study of 
melt flow in porous, downwelling arc mantle. We assume 
a simple 1-D geometry where melt flows radially toward a 
zone of reduced pressure, defined macroscopically as a 
linear channel of constant half width bounding a cluster of 
smaller veins that open incrementally over a fixed timescale.

and Assumptions
[&] The mai^jjr^^li^enes evidence to date points to the 123 

need for sorakm^of channelized flow in the mantle [e.g., 124 
McKenzi^^&yftrner et ai, 2001, 2003; Stracke et ai, 125 
2006], '^de^^nhis, some element of porous flow must 126 

the outset of the transport process [e.g., 127 
ie^gnanefr ai, 2001], Our goal at this stage is not to 128 

channel formation itself but rather to show under 129 
wba^^iditions melt flow will be fast enough to preserve 130 
isotopic/aisequilibrium in the source region (note we use 131 
^‘channel'’ here to describe some form of linear, dilatant 132 

e as distinct from a brittle crack). 133
A sketch of the simple geometry under investigation 134 

shown in Figure 1. The model comprises a central region 135 
(or channel) that contains dilational structures or veins (for 136 
want of a better word). The half width of the channel 6 is of 137 
the order of meters (we use a guideline number of <5 = 2 m in 138 
our calculations), comparable with estimates from Takahashi 139 
[1992] of vein and channel structures in mantle rocks now 140 
preserved at the surface. The permeability in the dilating 141 
channel is much greater than that of the surrounding rock. In 142 
order to estimate its value, we employ the well-known 143 
Kozeny-Carman formula, which is normally used for 144 
granular materials. Let the length scale d between the 145 
veins comprising the channel be of the order of 10-2 m and 146 
the melt fraction (porosity) n0 = 0.2, then the permeability in 147 
the region that is dominated by the vein system comes out as 148 
k0 = <?n£/[ 150(1 - «o)3] cs 10-8 m2; this value will be fixed 149 
arbitrarily as a guideline number to allow us to focus on the 150 
details of the process. The channel is surrounded by mantle 151 
with fixed lower permeability: k = 10~14 m2. The conduc- 152 
tivities in the channel and surrounding rock related to 153 
the permeabilities through the viscosity ?; are ko = kq/ti 154 
and k = k/tj. 155

3. Flow Equations 156

[s] The melt density and viscosity remain constant during 157 
flow. We solve for the average pressure drop in the channel 158 
and recover the associated flow rate as melt is sucked 159 
toward it. Three regions are identified (Figure 1): “zero,” 160 
where the channel is located; “plus,” almost undeformable 161 
permeable material to the right of 0 at x > <5; and “minus,” 162 
almost undeformable permeable material to the left of 0 at 163 
x < —6. The flow is driven by a strain that is ramped up to a 164 
value eo in a time r. For t > r the strain is kept constant at 165 
eo- The magma is compressible with compressibility (3; the 166 
porosities are n0 in the channel and n in the surrounding 167 
rock. The fluid excess pressure is denoted by p. 168
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tl.l Table 1. Sensitivity Analysis Showing Effects of Changes to 
Variables Listed in Table 2

tl.2 Largest Distance (m) Time to ,v = 0
tl.3 Value (see Table 2) 100 T
tl.4 T = 10* s 100 T
tl.5 6 = 4 m 100 1.3r
tl.C d= lO"9 Pa-1 100 3r
tl.7 *= 10-,° m2 Pa 1 s_I 100 r
tl.8 Ao = 10~9 m2 Pa-1 s_l 100 T
tl.9 fo = 0.05 50 T
tl.10 n = 0.005 25 l.lT
tl.ll

dII 100 1.2r

170

175

177

179

182

'MC,')

191

(/ < r)
2>^ - exp(ir) ^

Ty/n

cri'k^7) -erffe)
(t > t). (9)

169 [<j] Biot's equation reads

frp dp de

194
195
196

(1)

(jr > .t < -6).

172 [10] The boundary conditions are

p{fi -e,t)= p{6 + e, t) (s

p(-6-£,t) =p(-{i + £,t) (e

dx

B^m^^ld^ty (that is, the fluid discharge 
per unit time and |rea) <»melt flowing toward the channel is 
simply

v~-k%- ,,o, 

^•convenience, two parameters with the dimension 199 
Ji- aWfntroduced: /<o = y/n0d/ko and p = y/nd/k. 200 

P^re pressure (as a flinction of position and time) due to 201
vein in the region marked plus is 202

epkoPj) y (-kp + kp^y
^\kp + kopv )l3n0(kp + k0po) \ kp + kop^

• [Vo(p(x - 6) + 2(j + \)p0fi, t)
- %(p(x - 6) + 2/p^S, r)],

and the superficial velocity turns out to be

(11)

204

v(jc, t)=- eokkopyp y (—kp -f V 
jz$\kp + k0p0 )

(6)

3n(,(kp + A-0/i0) j^\kp + kop0

■ ['I', (p(x - <^) + 2(y + 1 r)
- 'Pi (p(x - 6) + 2jp0S, r)]. (12)

!<“•')=o

185 [ti] The solution is
186 details are given in
187 problem is given in te
188 'P^C, /); these depend

[14] The corresponding actual melt velocity is vf.r, t)/n. 207

(7)

Laplace transform. Full 
A. The solution of the 

of functions 'PqCC 0 and 
time it takes for the veins

4. Results 208

189 to open (t). In Appendix A, their form is derived

Cv^exp
'MOO = - ta

T^n
(2'-K;)[l-

erf(m)
2-r y ' ^

T^TT

(2/ - 2t + - (2f + C*)erf

(/ > r)

(8)

[15] Our primary aim here is to model the magnitude of 209 
melt flow in response to pressure reductions associated with 210 
the opening up of channels as defined in Figure 1 in the 211 
mantle wedge (how the channels themselves might happen 212 
to form is discussed in section 5). There is no simple scaling 213 
in this problem as there are three length scales: Aj = po 214 
v/r, A2 = p~Xy/f, and A3 = 6. The timescales are to r as well 215 
as to the factors /3n0(kp + A'o/io)/(^M'oM\) (1 = 1,2,3). So, 216 
here it is important to have some idea of the variable range 217 
for results to be presented. Naturally, there is an element of 218 
speculation in the parameter values as no precise measure- 219 
ments are available. In our simple model we take r (dilation 220 
time) as 1 year. This is arbitrary. Any other value of r is, of 221 
course, permitted (see section 4); examples include scaling 222 
the channel opening time to a short-lived isotope half-life. 223 
Relevant values are summarized in Table 1. To begin with, 224 
the pressure as a function of position and time is obtained. 225 
This is illustrated here for a choice of parameters (melt 226 
viscosity, melt fraction, etc.) as given in Table 1 with the 227 
exception of k, which is set to 10-10 Pa-1 m2 s-1; the 228 
reason for the deviation of the permeability parameter is that 229 
this choice results in rather smoother curves, which are 230
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t=2.x

t=0.9x

6 0«+4

x/5
Figure 2. Pressure as a function of nondimensional positiotjet various times (/). All parameters are as 
in Table 1 except k = 10-,° Pa-1 m2 s-1. Solid line ̂ show the pressure history as the channel is opening 
(t < t) and dashed lines show the pressure historYpffi^^- r. The behavior is such that after a short time 
the pressure settles back to a value close tqjiniti^^e pressure drop is, however, active over a wide area.

desirable for illustrative purposes. Figure 2 
pressure as a function of position in the plus re; 
as a function of position (expressed in 6) at vai 
is seen that the pressure falls as the cfp^pls 
good analogy is that of drawing fluid into 
fixed rate) and that the region of influenc

to the size of the channelized region. When the channel 237 
opening ceases (at t = r), the pressure rapidly returns to the 238 
equilibrium value p = 0 while the magnitude of the pressure 239 
gradient (and, thus, the fluid velocity) decreases. In the 240 
example here, the gradient is already negligible after t = 2r. 241 
This behavior is exactly as one would expect it. The 242

00 05 10 15 2.0 2.5 3.0

t/x
Figure 3. Trajectories of fluid elements for the parameter values in the Table 1. Melt is drawn toward 
the opening channel by pressure gradients set up as the channel widens over the period of 1 year, after 
which the pressure gradient is shut off. The channel is located at position tlr = 1.0. Fluid will reach this 
position from a distance Xi(f) of up to 80 m away.
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100 ■

243
244
245
246
247

Figure 4. The same calculation as shown in Figure 3 but w^re the melt phase is slightly compressible
(due, for example, to the presence of dissolved 
degree of flow relaxation even after sucking ha 
excess of 80 m distance can reach the chihnel1

JTiis small but significant effect results in some 
For example, calculated fluid trajectories in 

rtimescale slightly greater than t/r - 2.6.

question is, however, how far will a fluid element travel 
the process? To answer this question, trajectorie|(^p[e calcu
lated. The actual fluid velocity in the plu^ 
and. therefore, the location x\ of a flui< 
that was initially at .v0 is

Numerically, this formula is easily interpreted. The location 249 
difference at time tin a step dt is 250

X! (r + dt) - X[ {t) = v(*i (t), t)dt. (14)

X\ (t) = *0 +

[is] The trajectories for this example are plotted in 253 
Figure 3. It is seen that during dilation (/ < r) the velocity 254 

(1 -^) of a fluid element is almost constant. After the opening of the 255 
veins has ceased, the velocity becomes virtually zero. From 256

t/T
Figure 5. Trajectories as in Figure 4 but with a logarithmic time axis, emphasizing the effect of melt 
compressibility.
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t2.1 Table 2. Values and Constants Used in the Analytical Model
t2.2 Process Symbol Value Unit
t2.3 Channel opening volume strain eo 0.1 .
t2.4 Melt viscosity n 1.0 Pa s
t2.5 Permeability of the channel region k0 10 • Pa 1 m2 s-1
12.6 Matrix permeability k 10“12 Pa-1 m2 s-1
12.7 Melt compressibility d 10-1° Pa’1
12.8 Shear strain in the zero region 7 10"7 s-1
12.9 Porosity of the channel region 0.4 -
12.10 Matrix porosity (melt fraction) n 0.001 -
12.11 Half width of the channel region 6 2 m
12.12 Channel opening time T 107 s

257 this, it is concluded that fluid elements that complete their
258 journey toward the central region within the time span t < r
259 will arrive in the channelized region, while those that do not
260 complete their journey in this period will not. The trajecto

ries plotted in Figure 3 suggest that for the model parameters 
listed in Table 1, melt located within a radius of some 100 m 
of the channel zone will arrive there within the nondimen- 
sional timescale (//r = 1). The melt flow velocity for this 
trajectory is X|(/)/t = 80 m/3 x 107 s = 2.5 x 10~6 m s-1 
(~0.22 m a-1). A fluid element located 110 m away will not 
make it to the channel unless the listed variables are 
changed. Sensitivity analysis suggests that matrix flow 
relatively insensitive to matrix permeability. _

[i?] The same calculation is shown in Figure 4. mi 
for a melt phase that is slightly more compressible (due 
assumed presence of dissolved volatiles): /? = 10 
Here it is seen that for / > r there is still a s 
associated with the relaxation of the compressi 
would imply that fluid elements that cai 
region in a time /< r may still travel a short 
careful study of this effect is depicted in Bipure 5J 
timescale has been stretched by using a Ipgant^n 
is observed that the relaxation effect^ t
ries that were already close to the “^^^ioi 

[ik] A sensitivity analysis is n^^^am^i 
given in Table 1. We record tl 
element at time t = 0 that arriv 
All parameters are as jn Table 
one that is listed.

constructive plate margins from numerical solutions. Chan- 306 
nel formation beneath ridge systems has been modeled 307 
successfully using a combination of compaction theory 308 
[McKenzie, 1985] and reactive fluid flow [e.g., Spiegelman 309 
and Kelemen, 2003]. However, the estimated timescales for 310 
channel formation by reaction infiltration are 105 a-1, far too 311 
long to preserve the observed U series disequilibria in arc 312 
magmas. Our melt transport model differs fundamentally 313 
from these and mq|Pother treatments (with the notable 314 
exception of that o^tfre [1986]) in that it deals with the 315 
lateral flow of melt,^^^hich evidence exists from field 316 

j^s [e.g., Abelson et al., 2001], 317 
kbiroyancy-driven flow, melt drawn 318 

in principle free to flow toward it 319 
Te basis of the illustrative values and 320

T|ble 2, the zone of influence surrounding 321 
channel structure is 80 m. Keeping with 322 

e but extending now to three dimensions, 323

studies of ophiolite 
As we are not prqff 
into an opening cl 
from any direi 
constants listed in 
a 2-m-wi 
this

ic scale. It 
to trajecto- 

ion at time t = r.
out. Results are 

istance of a fluid 
the center of the channel. 

!pt for the variation of

5. Discussion
5.1. Comparison With \lelt Transport Models 
Beneath Ridges

[19] For melt extraction in a subduction setting, the 
matrix downwelling velocity imposes a key timescale. For 
most subduction zones this is of the order 5-10 cm a-1 (see 
compilation by Plank and Langmuir [1998]). Although 
decompression melting cannot be ruled out beneath some 
arcs [Conder et al., 2002], by and large, arc mantle differs 
significantly from mid-ocean ridges and ocean islands in 
that the segregation process is coupled with the matrix 
upwelling velocity [Stracke et al., 2003]. From the analysis 
given in section 3, the melt flow rate is circa 10-6 m s~\ 
3 orders of magnitude greater than average downwelling 
velocity, meaning that over the modeled transport time the 
matrix is effectively stationary and the model is fixed in the 
reference frame of the melt. A clear outcome of our analyt
ical calculations under model conditions is that average melt 
flow velocities lie at the upper end of those predicted at

10 L of mantle rock could, in principle, be 324 
ercolating melt moving toward a dilating 325 

on a characteristic timescale of 1 year. This is 326 
es larger than the typical volumetric melting rate 327 

beneatfJ&rcs of 3 x 10_4 km3 a-1, implying that the sucking 328 
ect could operate on length scales that are significant with 329 

et to typical magma production rates. The potential 330 
pie volume will be clearly larger if the model timescale 331 

r) is increased. Should the source region comprise 332 
numerous, closely spaced channels (similar arrangements 333 
beneath mid-ocean ridges suggest spacings of a meter to 334 
several hundred meters [Kelemen and Dick, 1995]), then 335 
conceptually we can imagine a situation where melt is 336 
sucked toward channels which have overlapping radii of 337 
influence. Should the mantle wedge be chemically hetero- 338 
geneous on a scale comparable with the melt transport 339 
distance, governed largely by the channel opening rate, the 340 
opportunity exists to impart chemical variation in the melt 341 
phase at source as it migrates toward and into a dilating 342 
channel. While a full exploration of the geochemical con- 343 
sequences on melt composition entering a channel lie outside 344 
the scope of this study, it should be noted that lateral flow has 345 
the potential to introduce subtle and potentially complex 346 
chemical variations in trace element and isotopic composi- 347 
tions of melts in the source region that may not be apparent 348 
in models based purely on gravity-driven flow. 349

5.2. Speculations on Channel Formation in 350
Downwelling Mantle W'edge 351

[20] Implicit in the modeling is that channels with indi- 352 
vidually dilating veins can actually form in the source 353 
region. But how might this happen in reality? Arguably, 354 
there should be some link between partial melting and 355 
channel formation (similar arguments hold sway in the 356 
continental crust [see Brown and Rushmer, 1997, and 357 
references therein]), but this link is not obvious in mantle 358 
rocks. For example, while partial melting has been shown to 359 
result in volume changes sufficient in magnitude to induce 360 
cracking in ductile media [Rushmer, 2001], the general 361 
outcome of this process is to push fluid out of the rock 362 
[e.g., Murton et al., 2006] not to suck it in as argued here. It, 363 
thus, seems that thermal stresses associated with partial 364 
melting are unlikely to be the primary cause of dilation in 365 
this instance. 366
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[21] The alternative is to appeal to tectonic deformation. 
It has been noted that the interface between the downwel- 
ling slab and overriding mantle wedge is a type of shear 
zone [e.g., van Keken, 2003] resulting in localized, high- 
temperature viscous deformation. If an elliptical object is 
simply sheared with shear strain 7, the volume strain is of 
the order of 72. This direct “mean field" approach would 
imply that the volume strain rate is a second-order effect. 
This is not so when an inclusion-type theory for elliptical 
inclusions in an elastic medium (ideal mantle matrix) is 
considered. Formulas for this are available [Walpole, 1977], 
Here no Hill calculations are given, but if the formulae are 
made relevant to an elliptical channel aligned with major 
principal direction of the shear direction, the volume strain 
is of the order of magnitude of the shear strain 7 for a 
channel in which the major principal axis is much greater 
than the minor principal axis. Thus, it follows that the rate 
of shear required to drive the process envisaged here must 
be of the order of magnitude of 1(T7 s-1 if the zone marked 
zero (Figure 1) has a vein concentration of some 10%. Such 
a rate of shearing is clearly much larger than the mean 
tectonic background value. The tentative implication is that 
during subduction, localized zones of dilation leading to 
channel formation will only occur at higher-than-averag 
(plate tectonic) strain rates. However, the model sj 
requires that melting, or a melt phase, is locatecr 
sucking distance of an opening channel. In standard 
viscous mantle models, the zone of partial melting
restricted to a confined region located above 
from the slab top. However, thermal models bas/d 
Newtonian rheology focus heat (and by/^ujlie 
melting) much closer to the slab mantlemboa 
viscous deformation is also most likely t 
Cagnioncle et ai, 2007], Thus, a aualit; 
pinned in part by robust physics, 9rn 
in the wedge melting zone fo 
draw toward them contemporan 
surroundings as they progressi 
non-Newtonian rheology ap 
nient way of colocating the 
melt and shearing in tl 
the kind described here'

away 
on- 
ial 

where 
st [e.g., 

ture, under- 
y channels 

e ot stresses and 
melt from their 

Arc mantle with 
'er the most conve- 

ingredients of partial 
such that channels of 

in the source region.
5.3. Implications for U^^pies Disequilibria in 
Arc Magmas

[22] Whatever the finer details of variability in melt 
composition resulting from radial flow and the mechanism 
responsible for rapid lithospheric-scale transport of melt to 
the surface turn out to be, the implications for preserving 
isotopic disequilibria in arc magmas at source now become 
clearer. Given the parameters outlined in section 3. small- 
scale porous flow into veins or channels located in the 
mantle source region is easily fast enough to preserve 
excess 226Ra. More controversially, our modeled melt 
transport times at relevant melt fractions (10-3) are less 
than the 210Pb half-life of 22.5 years. This raises the 
theoretical possibility that some 2,0Pb deficits in arc lavas 
reflect fractionation during partial melting rather than late 
stage contrasts in gas and magma transport beneath the 
volcanic edifice [Turner et ai, 2004], A similar conclusion 
was reached by Rubin et ai [2005b], who used 2l0Pb 
deficits in mid-ocean ridge basalts to argue for ultrarapid

melt extraction rates of less than a decade. Our results 428 
suggest that lateral porous media flow on the decimeter 429 
scale, driven by relatively modest pressure gradients, is 430 
consistent with the idea that short-lived isotope disequilibria 431 
in some arc magmas would permit melting at source. 432 

[23] In the arc environment this is, in principle, testable 433 
by obtaining further 2,0Pb data on primitive lavas and 434 
looking for correlations with indices of fluid addition or 435
other melting sigr 
Moreover, if 231PaJ 
lavas, this would pr 
formed on the dec^ 
unlike 226Ra-210P* 
system to offer 
these tests 
while consi<ferin! 
melt 
measu

such as 235U-23IPa disequilibria. 436 
ic disequilibria were found in arc 437 

melting-induced disequilibria 438 
£cale can be preserved since 439 

is'no gaseous intermediate in this 440 
lative explanation. While both of 441 
trther data collection, it is worth- 442 

ie ramifications of these timescales for 443 
applicable. The most obvious is that 444 

ccesses would be primary and unaffected 445 
lavas shown to preserve a source 2l0Pb 446 

lal. First, 230Th-226Ra disequilibria is primarily 447 
aT^Aion of residual porosity in the melting region, and this 448 
coulcH^f^rinciple, be quantified, removing a key unknown 449 

rowth melting models. Second, as ^Ra excesses 450 
re frequently thought to derive from the base of the arc 451 

Ing column, tighter constraints on melt ascent would be 452 
ssible, and these may rule out models invoking significant 453 

lelt-wall rock interaction during magma passage. Third, 454 
the commonly observed decreases in (226Ra/23®Th) with 455 
increasing extent of differentiation would no longer con- 456 
strain the timescales of differentiation but rather would 457 
require a major role for amphibole during fractionation. 458 
Evidence for this has been emerging [Davidson et ai, 459 
2007]. Instead, differentiation would have to occur on the 460 
decadal timescale and. thus, be similar to eruptive periodic- 461 
ity. This might reconcile some very young ages from 462 
diffusion studies (see review by Turner and Costa [2007]) 463 
and would require that differentiation occur during magma 464 
ascent and be strongly controlled by decompression [e.g., 465 
Blundy and Cashman, 2001 ] rather than just crystallization 466 
due to cooling alone. 467

Appendix A 470
[24] Three regions are distinguished (Figure 1): zero, 471 

where the veins comprising the high-permeability channel 472 
are located; plus, almost undeformable permeable material 473 
to the right of zero at x > 6; and minus, almost undeformable 474 
permeable material to the left of 0 at x < —A The flow is 475 
driven by a strain that is ramped up to a value e0 in a time r. 476 
For f > r the strain is constant at e0. 477

Biot's equation reads 478

(AI)

(A2)

The boundary conditions are 482

p(6 — £,/)= + f, f) (s ► 0), (A3)
485

p(-i-s,r)=p(-6 + s,t) (5^0), (A4)
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= £ —(6 + 5, f) (5 —► 0). (A5) I30] Tlie inverse Laplace transform in the plus region is 516dp
Al. Solution in the Plus Region 515

dx Ox obtained as follows: 517

(^0), (A6,dx dx >3no(ku + knUr,) . kti — koii,.

^(±L,/) = 0 (L - oc).

1 + koPo) 7J | kp - fro/Xf,

V kp + Ao/io /
y' /—kp + Ap/ipV 
pt\kp + kopv )

_ s ^-0 + (dutlhtati.-MS.
3no(kp Jj)

k%^r= n,3sp (x > 6, x < -6). 
ax-

[2g] The solution is for the minus region.

[27] The solution is obtained by Laplace transform with [31] Now, a sligrtfl^fcore^eneral approach is taken. First, 518 
Laplace frequency s: note that 521

d~p ^ ^ .
A0^j = rtotisp + se {-fi < x < 6)

522

£ ‘(e) = e0— (t < r) = e0 (t > t), (A17)

1 dnoie^^ikp + kop^) + kp - kop^) ’ *

zero region.

P ^(^^(Ap + Ao/io) + kp -

and plus region.

. eAo^^-^v^(l
^ 3no(e2*‘*^(kp + A0

where /<<, = y/n^JJko 
[29] The superficial

So, the minus region is

atAo^/iyfa^+^O -gW^) 
3no(e2*>6J’(kp + Ao/Jfl) + A/i - Ao/i^) ’

zero region is

£ 1 = J e<'~—— ^~~L3e U < T)

-h (̂^-A) C .-<;2/(4a)

l — T

I (A,8)

[32] The integrals are easily done, and the outcome is 526 

£-' (ee~^

cxpf-i;') e»(2,+f!)f|-erffe)

(l<r)

«<>Aeip(-L] «ci(2< + C:)

Tv/tt 2r

(A 14) ^0 [(2/ - 2r + C2)erf - (27 + C2)erf

2r
(7 > r). (A 19)

Sno^  ̂f’^kp + Ao/ip) + kp - k^p^) ’
[33] Call 'I'o^o = £ x(ee then the following 531

hierarchy is generated: 532

and plus region is

^ ekkop^p^se*^ ^ly/T^ —

S^^^ikp + kopv) + kfi - Ap/ip) '

$1(5, C)co = £ ‘(g^ Cv?) =~§^£ ' (fe Cv5)'
gO

(A 16) $2(-*,0*o = £_l (ese-^ = £_1 (eg_4v/7), (A20)
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534

53C
[34] In the time domain, the differentiations with respect 

to C yield the following:

'MCO =

2^eXp(-i?) Cfl-erf^)]

Tyfn T (t < t)

C[erffe)-erf(^)]
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Shear-induced material transfer across the core-mantle boundary aided by the
post-perovskite phase transition
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We present a novel mechanical model for the extraction of outer core material upwards across the CMB into 
the mantle side region of D" and subsequent interaction with the post-perovskite (ppv) phase transition. A strong 
requirement of the model is that the Dw region behaves as a poro-viscoelastic granular material with dilatant 
properties. Using new ab-initio estimates of the ppv shear modulus, we show how shear-enhanced dilation 
promoted by downwelling mantle sets up an instability that drives local fluid flow. If loading rates locally exceed 
c. 10“12 s-1, calculated core metal upwelling rates are >10-4 m/s, far in excess of previous estimates based on 
static percolation or capillary flow. Associated mass flux rates are sufficient to deliver 0.5% outer core mass to D" 
in < 106 yr, provided the minimum required loading rate is maintained. Core metal transported upwards into D" 
may cause local rapid changes in electrical and thermal conductivity and rheology that if preserved, may account 
for some of the observed small wavelength heterogeneties (e.g. PKP scattering) there.
Key words: Post-perovskite, dilatancy, D", core metal transport, strain rate, deformation.

1. Introduction
The extent and mechanisms by which material from 

the earth’s liquid outer core interacts with overlying lower 
mantle is currently unresolved and controversial. Re
cent 187Os/188Os isotopic models (Brandon et al., 2003) 
and Fe/Mn ratios (Humayun et aL, 2004) suggest that the 
Hawaiian plume may have sampled c. 0.5% core material, 
inherited from a thermal or Fe-enriched chemical boundary 
layer at the core-mantle interface. This picture appears con
sistent with the recent discovery of a post-perovskite (ppv) 
silicate in the D" layer whose phase transition is more sen
sitive to composition (Fe content) than pressure (Murakami 
et al., 2004; Mao et al., 2004) but inconsistent with W-Hf 
isotope data, also from Hawaii and apparently contradicting 
the hypothesis that evidence of core-mantle interaction is 
preserved in surface rocks (Schersten et al., 2004). Clearly, 
the absence of a detectable core component in erupted mag
mas is not in itself evidence against core-mantle interac
tion, the most obvious expression of which is heat trans
fer (e.g. Gibbons and Gubbins, 2000; Olson, 2003), How
ever, D" is also a mechanical boundary layer capable of de
forming (e.g. Gamero, 2000). The strain-field measured by 
seismic methods has revealed a detectable anisotropy due 
to the alignment of crystals or lateral changes in material 
(elastic) properties (Karato, 1998), while numerical simu
lations show that large strain deformation can accumulate 
at high stresses along the core mantle boundary (CMB) in

Copy right© The Society of Geomagnetism and Earth, Planetary and Space Sci
ences (SGEPSS); The Seismological Society of Japan; The Volcanological Society 
of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sci
ences; TERRAPUB.

the region of downwelling slab material (McNamara et al, 
2002). In addition, seismic data further suggest the pres
ence of a silicate melt fraction at D" in the range c. 6-30% 
(Gamero, 2000). The latter can be explained by in-situ par
tial melting of perovskite (Lay et al, 2004). However, den
sity arguments make emplacing outer core material into D" 
via buoyancy fluxing problematic, and quantification of the 
material transfer process(es) responsible remain speculative 
(Stevenson, 2003).

Motivated by the challenge of providing a physical mech
anism of material transfer across the CMB, we have under
taken a set of zeroth order calculations that derive estimates 
of the pressure changes and subsequent fluid flow rates rel
evant to a deformable poro-viscoelastic matrix as a func
tion of applied shearing stress. In this purely mechanical 
model, we argue that episodic, high deformation rates at 
the CMB, and the presence of core liquid metal in D" may 
be intimately coupled, with mass and heat transfer across 
the interface driven by downwelling of more dense material 
from higher levels in the mantle. The macroscopic part of 
the problem has been modelled successfully in recent large 
scale numerical simulations of whole mantle flow (Kellogg 
et al, 1999; McNamara et al, 2002), and the deforma
tion effects arising from this are summarised elegantly by 
Karato (1998). Our approach combines a microscale, shear- 
dilatancy sensitive material deformation model for the solid 
component of D" idealised to a set of constant moduli to 
simplify the analytical solutions (Koenders and Petford, 
2000), coupled to the macroscale dynamics. A comparable 
microscale formalism for two-phase flow with Maxwellian 
viscoelastic rheology in the upper mantle has been devel-
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(T) Shear-enhanced dlatency

<2) Upwelling outer core fluid

© Light etement-enhched / 
sediment layer?

Fig. 2. Plot showing post-perovskite shear modulus (G) as a function of 
temperature corresponding to a pressure of 136 GPa, calculated using 
a molecular dynamics ab-initio approach (Stackhouse et ai, 2005). 
The estimated temperature interval in the region of the CMB is shown 
(shaded) for reference.

Fig. 1. Diagram showing the simplified geometry of a thermal and chem
ical boundary layer (TCBL) of thickness H undergoing loading by 
downwelling dense material (blue arrows), inspired by Kellogg et al. 
(1999), and Karato (1998). Three zones are identified: (1) region of 
shear-enhanced (poroviscoelastic) dilatancy, (2) upwelling outer core 
fluid shown as yellow arrow, and (3) Compositionally buoyant upper 
layer of uncertain thickness and extent that may contain sediments (Buf
fett et al., 2000; Alfe et al., 2002). The thermal effect of upwelling core 
material on the positioning of the pv-ppv phase bounary is approximated 
by the upper dashed line.

oped recently (Vasilyev et al., 1998), and we expect the 
Deborah number (De), which measures the importance of 
elasticity in this phenomenon, to be of order 1 or greater in 
the D" layer. For reasons outlined below, knowledge of the 
shear modulus (G) of the new post perovskite phase is most 
helpful in this respect.

Previous numerical simulations of D" suggest that dense 
material, concentrated in regions of downwelling, can also 
be entrained in upwellings. The result is to impose a to
pography on D" that is steep and of large amplitude, and 
whose structure is most likely coupled to the overlying man
tle (Loper and Lay, 1995; Olson, 2003). As discussed in 
more detail below, calculated core fluid upwelling velocities 
scale with the rate of deformation, and because the problem 
is phrased in terms of shear strain rates are independent of 
key intensive fluid (Fe metal alloy) properties.

2. Analysis
Our analysis is based on a material deformation model of 

the linear-elastic, isotropic relations first proposed by Biot 
(1941), but modified to include the effects of dilatancy un
der deviatoric (pure shearing) motion. Details of the model, 
including full analytical solutions to the governing differ
ential equations, are given in Koenders and Petford (2000) 
and Petford and Koenders (2003) and not repeated in de
tail here. A key feature of this analysis is the coupling of 
pure shearing stress to volumetric strain, so that the modi
fied Biot equation captures many important parameters rel
evant to deforming porous layers including the average melt 
displacement, melt (fluid) pressure, permeability and the set

of general moduli of the solid framework. Although the lat
ter are a source of error due to uncertainties in mantle rhe
ology at appropriate pressures and temperatures (Mitrovica 
and Forte, 2004), molecular dynamics simulations of the 
newly discovered post-perovskite phase (Oganov and Ono, 
2004; Tsuchiya et al., 2004; Stackhouse et al., 2005) en
able estimates of some key material properties of a ppv- 
dominated lower mantle, specifically the bulk and shear 
moduli as a function of temperature, to be made with some 
degree of confidence. The dilatancy instability which drives 
fluid flow by reducing the local intergranular pressure, re
quires a porosity field as an initial condition. This is pro
vided by a background silicate melt fraction of up to 30%, 
located in discrete regions of high heat flow close to the 
CMB, and responsible for observed heterogeneity in seis
mic velocity there (Gamero, 2000; Lay et al., 2004). The 
porous matrix is assumed to be granular in nature so that 
external deformation results in a dilatant effect that can be 
captured mathematically. Biot’s equation for the consoli
dation of compressible fluid flow in a porous material with 
position-dependent permeability takes the form

_a_
dy

dp dv 
y dt dy (1)

where n is the porosity and ^ is the fluid compressibility. 
The permeability is assumed constant, and depends on the 
granular (ppv) length scale d, outer core fluid viscosity (tj) 
and the melt fraction. The total stress is ofy = a/; — pSij, 
where p is the excess pore pressure and a/; is the skeletal 
stress (Terzaghi, 1943). The vertical coordinate is y, the two 
horizontal coordinates are x and z. The stress equilibrium 
requires that dctjj/dxij = 0, which for a problem that does 
not depend on x and z results in a^y = c(t) and cryy — p — 
d(t), where c(t) and d(t) are time dependent constants.

Under appropriate boundary conditions, Biot’s equation 
(above) above can be solved analytically to yield explicit 
expressions for the excess pore fluid pressure and the local 
flow rate (see Petford and Koenders, 2003, appendix A for 
full details). A number of simplifications are introduced.
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Fig. 3. (a) Calculated core liquid metal flow rates (m/s) as a function of strain rate assuming a ppv shear modulus of 300 and 285 GPa (3000 < T < 4000 
K, cf. Fig. 1). The strain rate interval relevant to the problem lies in the region 10“15 < e < 10-10 s. Note that flow of outer core material into D" will 
only be active while loading is constant. Relaxation to strain rates < 10-12 s_I will slow the rate of flow considerably, or even prevent it altogether, 
(b) Volumetric flux rate (m3/s) into D" as a function of loading rate for three cross sectional areas of the core mantle boundary corresponding to 0.1, 
5 and 10% of the total surface area. (c). Transport (residence) time of core fluid in a 10 km deep mantle layer overlying the CMB for two values of 
the ppv shear modulus G. (d). Thermal Peclet number (Pe = uH/k) where u is the average fluid flow velocity and k is the thermal diffusivity of 
liquid Fe at 1673 K (5.7 x 10-6 m2s). Pe >> 1 where e > 10-13j-1.

As the thickness of D" is variable, for simplicity we define 
a zone within D" of height H, where the behaviour of the 
top and bottom zones are represented by suitable boundary 
conditions (Fig. 1). These are an impermeable top layer 
(dp/dy = 0) and a permeable (fluid) base, corresponding 
to the core-mantle interface where no excess pore pressure 
is expected.

Fluid flow accompanying the dilatancy effect in uncon
solidated, densely packed granular material is independent 
of fluid density (see Reynolds, 1885; Rowe, 1962), Our 
hypothesis rests on the assumption that dilatancy can oper
ate in a broadly similar way in the deep earth in regions 
of elevated background porosity (melt fraction). In this 
respect it is relatively controversial. The attraction how
ever is that Reynolds dilatancy provides a plausible mech
anism, grounded in standard physics, capable of modifying 
locally the stable density gradient that defines the CMB re
gion. A shear-enhanced melt migration model also over
comes problems relating to percolation of Fe-liquid metal 
through a silicate matrix constrained by high dihedral an
gles (Rushmer et al., 2000; Bruhn et al., 2000; Terasaki et 
al., 2005). Experimental evidence for the shear-enhanced 
mobility of liquid metal (although not at the required PT 
conditions), comes from rock deformation studies on natu
ral Fe-bearing H-chondrites loaded at laboratory strain rates 
(c. 10-5s-1) where a dilation effect is observed, causing 
partially molten liquid metal to flow into sites of low pres
sure (Rushmer et al., 2005). Clearly any model of fluid 
transfer between the outer core and D" based on buoyancy 
forces alone (e.g. McKenzie, 1984), would need significant

modification (Kanda and Stevenson, 2004).
2.1 Time constants and flow rates

Typical values for the time constant of the process are 
now estimated. The maximum value of the pressure at the 
top of the region is obtained at f = (1 + nfiO) / (6k).
The stiffness 6 is the dilatant modulus for the densely 
packed ppv granular layer, currently a poorly known quan
tity, and taken in the range 109 — 1010 Pa. The lengthscale 
H under investigation is of the order 10 km, chosen to cor
respond with the lower end of wavelength scattering (e.g. 
the range in smallest scale heterogeneities) observed seis- 
mically at the CMB (Gamero, 2000). Taking a mean ppv 
grain size of 1 mm in the vicinity of the CMB gives a char
acteristic timescale of the problem of some 102 — 104 yrs. 
Note that the time constant of the problem is independent 
of the shear rate cq.

The flow rate at the end (the steady state) of the process 
in the vicinity of y = H/2 (Fig. 1) is now considered (the 
short time solution is given in Koenders and Petford, 2000). 
The outcome is

dp -HRc0 —HGe
oo : k— = ---------- = ----------

dy 26 6 (2)

with both pressure and flow rate dependent on the shear 
stress rate cq. Typically this value is of the order of the 
product of the principal modulus G and the strain rate e. 
Recent ab-initio molecular dynamics calculations are used 
to provide estimates of G for the post perovskite phase 
(Fig. 2), whose material properties are likely to govern the 
rheology of the lowermost mantle. At conditions relevant to
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Fig. 4. Plot showing mass flux rale (p — 104 kg/m3) as a function of loading rate interval and area of CMB deformed (defined arbitrarily as 0.1 to 10% 
total CMB surface area). Mass flux rates during constant loading where Pe >> 1 are in excess of 10u kg/s.
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Fig. 5. Plot showing the effect of changing ppv shear modulus (G) on average upwelling flow velocity. The rate of flow appears relatively insensitive 
to the precise value of G.

the CMB (P = 136 GPa) the calculated ppv shear modulus 
ranges from 285 GPa (7 = 4000 K) to 300 GPa at 7 = 
3000 K (Stackhouse et al., 2005). These values are used to 
inform the analytical calculations that follow.

3. Results
Specimen calculations that illustrate the consequences of 

dilational instability and explore the sensitivity of outer core 
fluid upwelling over a strain rate interval 10“15 < e < 
10“10 s-1 are now given. The lower limit is characteris
tic of background mantle convection (Turcotte and Schu
bert, 2002), while the upper limit corresponds to a total 
strain in layer thickness H of 10% in 10 years. Figure 3 
summarises the results of several calculations aimed at de

termining order of magnitude flow and mass flux rates of 
upwelling outer core liquid across the CMB in response 
to deformation-driven dilatancy in D". The flow rate cal
culations are shown for two values of the post-perovskite 
shear modulus that correspond to a temperature difference 
of 1000 K at constant pressure (136 GPa).

The key variable governing the rate of upwelling is the 
strain rate. In contrast, the effect of matrix temperature 
on flow rates expressed through the ppv shear modulus is 
small, on the order of 5%. Average flow rates into the D" 
layer are negligible (< 10-6 m/s) until the local strain rate 
exceeds 10-12 s-1. Above this value, regarded as a mini
mum for significant upwards transport of liquid core metal, 
flow rates increase steadily to a maximum of c. 3 x 10-4



N. PETFORD et al.: SHEAR-INDUCED MATERIAL TRANSFER ACROSS THE CORE-MANTLE BOUNDARY 463

m/s at e = (Fig. 3(a)). Estimates of volumetric
flux rates into the base of D" are shown in Fig. 3(b) as a 
function of area fraction of CMB deformed. To emphasize 
the locality of the effect (clearly the entire CMB cannot be 
deformed simultaneously), three cross sectional areas cor
responding to 0.1, 5 and 10% of the total CMB surface area 
(c. 1.5 x 1014 m2) are used. As with average flow rates, 
volume flux rates increase with increasing strain rate for a 
given area of CMB deformed, from a minimum of c. 500 
m3/j (e = 10“15 s_1, area fraction CMB = 1 x 10“3), to 
c. 109 m3/s (e = 10-10 s_I, area fraction CMB — 0.1). It 
is instructive also to consider the potential transport time 
of infiltrating core fluid. Consider a vertical distance (N) 
upwards from the CMB to a height of 10 km, a length- 
scale characteristic of the observed small scale geophysi
cal heterogeneity in D" (Gamero, 2000). Outer core mate
rial could in principle be transported this distance in 102 to 
103 years provided loading remains constant at e - 10"12 
s-1. If higher rates of strain (10-10 s-1) can be achieved, 
transport times are of the order 10s s (several years). We 
do emphasise however that these results are tentative and 
should be treated accordingly. Indeed, an important aspect 
of the infiltration process not considered in detail here are 
thermal effects, in particular the possibility that liquid core 
metal will freeze during upwards flow. A crude analysis of 
the thermal regime is shown in Fig. 3(d), where the ther
mal Peclet number (Pe) is plotted against strain rate. For 
plate tectonic loading rates, Pe is close to 1, and does not 
significantly exceed unity until strain rates exceed c. 10-12 
s"1.

The corresponding mass flux can also be estimated, as
suming a constant value for the liquid metal density. Re
sults are summarised in Fig. 4, which shows the changing 
mass flux as a function of loading rate and CMB area de
formed. For example, provided flow is continuous (itself 
a major assumption), a mass flux rate of 1011 kg/s, corre
sponding to a strain rate of order 10“12 s”1 and Pe >> 1 
would in principle deliver 0.5% outer core material by mass 
into the lowermost mantle, a requirement based on geo
chemical arguments (Brandon et al., 2003), in << 106 
yrs. Clearly the flux rate is sensitive to the cross sectional 
area and strain rate, (although relatively insensitive to exact 
value of the ppv shear modulus, Fig. 5), and could vary by 
several orders of magnitude around this value. Cessation of 
loading might prolong the process indefinitely. The point 
is made however, that the viscoelastic dilatancy instability, 
while sustained, offers a means of transporting substantial 
amounts of material across the CMB on geologically very 
short timescales.

4. Discussion
While acknowledging that further experimental and com

putational mineral physics work is needed to constrain and 
test the validity of the proposed dilatancy mechanism, a 
strong feature of the model as it stands is that a dynamic 
coupling between the liquid outer core and overlying low
ermost mantle is a necessary (albeit transient) condition. 
Here, the lower mantle responds on the microscale (char
acteristic lengthscale mm to m), to macroscopic convective 
motions (characteristic lengthscale >> km). This contrasts

with previous models for material transfer across the CMB 
such as electrochemical transfer of Fe and Ni (Ringwood, 
1959) and upwards percolation of Fe metal alloy due to cap
illary effects (Poirier, 1993), which are passive processes. 
These effects are small, with lengthscales on the order of 
metres, compared with the potential mass flux due to the 
shearing mechanism described here, even if the required di- 
lational instability is short lived.

Although possibly a rare event restricted in space and 
time, a number of important geodymanical implications 
flow from our model of material transfer. Firstly, it pro
vides a mechanism for upwards transport of outer core ma
terial into D" capable of imparting a distinctive HSE chemi
cal signature into the lowermost mantle, that couples known 
large scale mantle flow processes with recent geochemical 
observations for core-mantle interactions (e.g. Humayun et 
al., 2004). Secondly, given the strong dependence of the 
post-perovskite phase transition on composition, periodic 
excursions of infiltrating Fe-rich fluid from the uppermost 
outer core into the lowermost mantle, possibly enriched in 
incompatible elements (Alfe et al., 2002), may have pro
foundly affected the positioning of this transition over time. 
For example, Fe can stabilise the ppv structure at pressures 
of c. 10 to 20 GPa lower than the pure MgSiC^ end member 
for a given CMB temperature (Mao et al., 2004), with the 
estimated drop in inversion temperature along an isotherm 
of c. — 1 GPa per 1 mol% Fe. Charged coupled substitutions 
analogous to those described for Mg-perovskite (Walter et 
al, 2004) may also help to modify the chemical potential 
of D" close to the CMB. Large amounts of Fe may be re
sponsible for ultra low velocity zones (Mao et al, 2004), 
although other mechanisms related to topography such as 
sedimentation in CMB basins should not be ruled out (Buf
fett et al, 2000; Olson, 2003). In this case, the analogy 
between sedimentary ULVZs and the granular deformation 
model proposed here is striking and worthy of further in
vestigation. Indeed, the dilatant effect may be more pro
nounced in outer core sediments, should they exist, than in 
the overlying silicate mantle.

Even if upwelling core metal does not install a surface 
measurable, radiogenic isotopic potential in D", it is likely 
to produce a rheological effect that could influence the elas
tic properties of ppv and produce changes in electrical and 
thermal conductivity (Manga and Jeanloz, 1996). In par
ticular, trapping by surface tension effects of pockets of 
isolated, immiscible core melt as the loading event wanes, 
provides a both a mechanism and resulting geometry to ac
count for the intense small-scale heterogeneity (large PKP 
precursors) at the CMB in addition to any seismic hetero
geneity and anisotropy due to ferromagnesian ppv silicate 
(e.g. Tsuchiya et al, 2004). Finally, we emphasise that the 
ppv phase transition itself will aid the extraction mechanism 
due to stress changes related to negative volumetric changes 
in downwelling regions and positive (expansive) changes 
during upwelling. Critically, no similar phase transitions 
occur in the lithosphere or upper mantle.
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Our understanding of the core-mantle boundary (CMB) region has improved 
significantly over the past several years due, in part, to the discovery of the post- 
perovskite phase. Sesimic data suggest that the CMB region is highly heteroge
neous, possibly reflecting chemical and physical interaction between outer core 
material and the lowermost mantle. In this contribution we present the results of a 
new mechanism of mass transfer across the CMB and comment on possible reper
cussions that include the initiation of deep, siderophile-enriched mantle plumes. 
We view the nature of core-mantle interaction, and the geodynamic and geochemi
cal ramifications, as multiscale processes, both spatially and temporally. Three 
lengthscales are defined. On the microscale (1-50 km), we describe the effect of 
loading and subsequent shearing of the CMB region and show how this may drive 
local flow of outer core fluid upwards into D". We propose that larger scale 
processes operating on a mesoscale (50-300 km) and macroscale regimes (> 300 Ion) 
are linked to the microscale, and suggest ways in which these processes may 
impact on global mantle dynamics.

1. INTRODUCTION

The boundary between the lowermost mantle and outer core, 
including the D" bottom layer, is tire most active region of the 
Earth’s deep interior. Our understanding of the core-mantle 
boundary (CMB) region has improved significantly over the 
past several years due to a combmation of improvements in

Post-Perovskite: The Last Mantle Phase Transition 
Geophysical Monograph Series 174 
Copyright 2007 by the American Geophysical Union 
10.1029/174GM18

seismic resolution and the recent discovery in 2004 of the 
post-perovskite (ppv) phase (Murakami et ah, 2004; 
Tsuchiya et al, 2004; Ono and Oganov, 2004, Mao et. ah, 
2004). The perovskite (pv) to post-perovskite (ppv) phase 
transition near the CMB, as revealed from from experiments 
and calculations, has exciting and potentially far-reaching 
consequences (Monnereau and Yuen, 2007). It is already 
clear- that this transition can profoundly influence the 
dynamics of tire D" layer, and by implication, the CMB 
(Nakagawa and Tackley, 2004; 2006; Lay et ah, 2004, 
Hemlund et al., 2005; Matyska and Yuen, 2005, 2006; 
Petford, 2006; Yuen et al., 2007). Furthermore, the elasdc 
properties of post-perovskite are quite different from
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perovskite, a factor that may account for much of the seismic 
anisotropy in D" (Lay et al., 2004).Yet despite this progress, 
the extent to which the seismic properties of the lower man
tle relate to the phase transition alone, or other processes 
including material transfer of outer core fluid across the 
CMB and into D", remain unclear. Less controversially, heat 
transfer across the core-mantle boundary (CMB) is funda
mental in generating large scale instabilities including plume 
and superplume upwellings which impact not just on the 
lower mantle but the whole earth system (Davies, 1999; 
Gibbons and Gubbins, 2000; Olson, 2003; Boyet and 
Carlson, 2005, Nolet et al., 2006). Thus, identifying the mode 
and extent to which the Earth’s silicate lowermost mantle and 
liquid outer core have interacted physically over geological 
time has far-reaching consequences for mantle dynamics, 
plume initiation and fluxes and the long-term geochemical 
evolution of the mantle (e.g Sleep, 1990; Romanowicz and 
Gung, 2002; Brandon and Walker, 2005; Nolet et al., 2006).

Seismically, the lowermost 200-300 km of Earth’s mantle 
is anomalous. Geophysical investigations over die last decade 
show that D", the ~ 100-350 km-thick seismic layer located 
near the CMB and characterized generally by a negative 
shear velocity and small compressional velocity gradients, is 
both seismically heterogeneous and anisotropic on vertical 
and horizontal length scales down to c. 10 km (e.g, Gamero 
2000, Wang and Wen, 2004). Seismic studies have also 
revealed several hundred meters of small-scale topography 
on the core-mantle boundary (e.g Earle and Shearer, 1997). 
In addition, a thin layer at the base of the mantle where com- 
pressionai wave velocities drop by ~10% (Ultra Low Velocity 
Zone) may contain ~5-30% partial melt (Williams and 
Gamero, 1996, Gamero, 2000; Lay et al., 2004), But D" is 
not only a thermal and chemical boundary layer. The region 
is also a mechanical boundary layer susceptible to regional- 
scale deformation deformaton (Karato, 1998 a,b; McNamara 
et at. 2002; Panning and Romanowicz, 2004, Merkel et al., 
2007). The strain-field measured by seismic methods has 
revealed a detectable anisotropy due to the alignment of crys
tals or lateral changes in material (elastic) properties (Karato, 
1998a,b; Panning and Romanowicz, 2004), while numerical 
simulations show that large strain deformations accumulate 
in high stress zones associated with downwelling material 
(McNamara et al., 2002). Most recently, Merkel et al (2007) 
have proposed that structural features such as mechanical 
layering, in addition to the elastic properties of post-perovskite, 
may be needed to explain seismic anisotropy in D".

In tandem with these new developments in mineral physics 
and seismology, recent geochemical evidence implies that 
some deep mantle plumes originating at the core-mantle 
boundary (e.g. Montelli et al., 2004) may have tapped a D" 
source region modified by core-mantle interaction. Although 
unique geochemical identifiers appear lacking, recent 
osmium isotopic studies of plume-derived materials

(Brandon et al., 2003; Brandon and Walker, 2005), combined 
with Fe/Mn ratios in Hawaiian lavas (Humayun et al, 2004), 
suggest that putative CMB-derived plumes may have sam
pled ~0.5% core material, inherited from a thermal or Fe- 
enriched chemical boundary layer at the core-mantle 
interface (Humayun, et al., 2004).

In this contribution, we combine the results of mineral 
physics calculations on the elastic properties of post- 
perovskite with deformation modeling of viscoelastic media, 
deformation experiments, geochemistry and other geophysi
cal information (such as geoid constraints) to build an inte
grated model of the geodynamic behavior of D",We argue 
that the dynamics of the lower mantle can be understood in 
terms of three interlinked, hierarchical processes that begin at 
the grain scale and culminate with the generation of chemi
cally-enriched mantle plumes. At the smallest scale (defined 
here as the microscale), local deformation of the CMB region 
is the chief agent responsible for imparting chemical hetero
geneity in D". The mesoscale regime (50-300 km) is charac
terized by internal boundary layer flow and small scale 
convection within this sub-layer. Finally, the macroscale 
regime (300-1000 km) is treated as a lower mantle convec
tion problem.

2. APPROACH

We view lower mantle geodynamics as a multiscale sys
tem, both spatially and temporally. In this sense we have 
taken a lead from other disciplines in geophysical fluid 
dynamics, notably meteorology, where small-scale perturba
tions are known to impact significantly on global circulation 
patterns. Fig. 1 shows how the relevant length scales interact 
with each other, highlighting in particular how macroscale 
processes help drive microscale fluid flow and core-mantle 
chemical interaction by generating the required deformation 
field. Fig. 1 provides a roadmap of how we think the various 
linkages between the physical properties of the post- 
pervoskite phase, geochemistry, deformation and mantle 
dynamics may operate. These linkages are summarized quali
tatively in cartoon form in Fig. 2.

In the following sections we look in more detail at the spe
cific, scale-dependent processes that underpin our geody
namic model. The microscale modeling is informed from 
knowledge of the elastic properties of the post-perovskite 
phase derived from ab-initio molecular dynamic simulations 
(Stackhouse et al., 2005). Deformation experiments on 
metal-silicate systems and simulations to determine the 
effects of radiative heat transfer in D" are also important 
components of the microscale model, the latter providing a 
potentially important upscaling route to superplume nucle- 
ation at the CMB. We end by discussing the implications of 
our model for core-mantle boundary initiation of plumes and 
global mantle evolution.
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Figure 1. Flowchart summarizing the links between the four key 
components underpinning the gcodynamical evolution of the lower 
mantle (physical properties, defonnation, geochemistry and plume 
generation), and their relationship with the post-perovskite phase 
transition.
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3. MICROSCALE PROCESSES: DEFORMATION- 
DRIVEN MASS TRANSFER ACROSS THE CMB

In this section we address the physical mechanism respon
sible for locally transporting liquid metal from the outer core 
across the CMB into D". Identifying a physical processes 
capable of transporting liquid metal upwards across the CMB 
remains challenging. Put simply, density arguments make 
physically emplacing outer core material into D” via buoy
ancy fluxing problematic (Stevenson, 2003; Kandar and 
Stevenson, 2006). Indeed, there is a reverse analogy with 
fluid dynamic models of core formation (e.g. Stevenson, 
1990). The high density of liquid metal compared to mantle 
silicates means that buoyancy forces dominate the transport 
processes, which is essentially one of drainage. From this 
perspective, upwelling of liquid metal by gravity-driven 
instabilities back into the lower mantle makes little sense. In 
an attempt to overcome this contradiction, Petford et al„ 
(2005a) proposed a possible mechanism for upwards trans
port of dense liquid metal that involves shear-aided dilation 
of mantle silicate grains in the vicinity mantle downwellings. 
Dilatancy of the type first described by Reynolds (1885) is 
commonly observed in tests on granular materials under low 
stress (low in the sense that the elastic moduli of individual

Figure 2. Cartoon summarizing some of the physical processes and geometries identified in Fig. 1 along with a qualitative indication 
of the governing Icngthscalcs.



GHO1018_CH18.qxd 15/10/07 5:15 PM Page 274

274 DEFORMATTON-PsIDUCED MECHANICAL INSTABILITIES AT THE CORE-MANTLE BOUNDARY

grains are small compared with the overall skeleton stress, 
ensuring that the constituents of the solid framework remain 
virtually undeformed). Dilatancy differs fundamentally from 
compaction, where pore space is destroyed due to viscous 
deformation of the grains comprising the matrix (McKenzie, 
1984: Buffett et al„ 2000). The idea put forward is that 
Reynolds dilatancy could, given an appropriate matrix rheol
ogy. play a role in ‘sucking’ core material upwards across the 
CMB. thus contributing to some of the chemical and geo
physical variability observed in D". This concept is explored 
in more detail below.

3.1 Shear-Aided Dilatancy1

For shear-aided dilation to occur. D" must be deformed by 
one or more mechanisms so that the required stresses are 
generated. We emphasize that with the exception of the pv- 
ppv phase transition, the potential driving mechanisms out
lined below are likely to be both local and discrete in space 
and time. In our calculations, loading of the CMB by cold 
downwelling mantle is the main deformation mechanism 
(Fig 4).The deformational and rheological consequences of 
cold material impacting on the CMB have been described by 
Karato (1998a,b). who identified regions charactensed by 
both simple and pure shear (Fig. 3a,b). Following theory out
lined by Retford et al., (2005 a.b); and Koenders and Retford, 
(2003, 2005), predicting the effects of externally derived 
shearing forces in granular media, we present order of mag
nitude estimates of the upwelling fluid flow and mass flux 
rates of core liquid metal across the CMB in the vicinity of 
the shear field set up by the impacting slab (Fig. 4). The 
instability follows thus. A typical value for the liquid (outer 
core) viscosity is IO”2Pa s (Secco et al., 1998). the length 
scale H is assumed to be 10 km (Gamero, 2000). The perme
ability is obtained from the well-known Kozeny-Carman 
relationship with an assumed mean ppv grain size of 10-3 m 
and a local porosity (silicate melt fraction) of 0.2-0.4 (see 
Williams and Gamero, 1998; Ohtani and Maeda, 2001; Lay et 
al., 2004. Rost et al., 2005; Retford et al., 2005). Note that the 
assumed presence of a silicate melt fraction at the CMB is 
critical for our model as the dilatancy effect (local volume 
increase) will not work without some pre-existing pore space. 
The required porosity is a silicate melt fraction that will be 
displaced or intermix with upwelling metallic fluid (e.g. 
Gamero, 2000). An important feature of the model is that 
from the perspective of strain rate-sensitive media, upwelling 
velocities velocity scales linearly with the rate of deforma
tion (see Koenders and Retford, 2000; Retford and Koenders, 
2003; Retford et al., 2005a). thus overcoming textural 
problems relating to percolation of Fe-rich melts through a 
silicate matrix constrained by high dihedral angles (e.g. 
Bruhn et al., 2000; Rushmer et al.. 2000). A key parameter

Outer core

B. Downwelling

Simple
shear

D” layer

Outer corePure
shear

Figure 3. Two examples of external loading (macroscale) of the 
core-mantle boundary (modified from Karato, 1998a), showing 
focused sites of shear-induced deformation located at the boundary 
between the plume structure and surrounding lower mantle material 
(a) thermal upwelling (simple shear dominant) and (b) loading of 
CMB by cold, downwelling material (pure and simple shear).

governing the dilatancy effect is the shear modulus (G) of the 
granular assemblage. Experimental and ab-initio simulations 
of the ppv phase a function of P and T predict the shear mod
ulus varies from 280 to 300 GPa over a temperature interval 
of 1000 K (Stackhouse et al., 2005). The stiffness of the 
grains another important factor, which itself is a reflection of 
the porosity (melt fraction). Virtually nothing is known about 
this quantity under conditions prevailing at the CMB, and we 
assume a fixed value of 109 Pa (Retford et al., 2005a). Indeed, 
given the extreme pressures and temperatures at the core- 
mantle boundary, a purely elastic response to loading is likely 
to be unrealistic, and viscoelastic effects must be considered 
for timescales less than about one millenium, or for viscosity 
in D" exceeding 1021 Pa s. Numerical formulations for two- 
phase flow with a Maxwellian viscoelastic rheology have 
been developed by Vasilyev et al. (1998) and Connolly and 
Podladchikov (1998). We have used this 2-D version for 
investigating melt extraction in multiphase systems at deep 
mantle conditions where the hydrostatic pressure P is high 
relative to the bulk modulus K. Unlike shallower regions of 
the earth, P!K is close to unity in the D" layer. The local

-65
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Cold downwelling

TCBL

0.05 < n <*0.3 A

Outer
core Fe-S liquid

<3) Shear-enhanced dilatancy
® Upwelling outer core fluid
(3) Light element-enriched / 

sediment layer?

Figure 4. Diagram showing the simplified geometry of a thermal 
and chemical boundary layer (TCBL) in the lowermost mantle of 
thickness H and porosity (a) undergoing loading by downwelling 
dense material (arrows, see Fig. 4 and Appendix 1 for definitions). 
Three zones are identified: (1) region of shear-enhanced (porovis- 
coclastic) dilatancy. (2) upwelling outer core fluid shown as yellow 
arrow, and (3) Compositionally buoyant upper layer of uncertain 
thickness and extent that may contain ppv-dominated sediments 
(Buffett et al., 2000; Alfe el al., 2002). The thermal effect of 
upwelling core material on the positioning of the pv-ppv phase 
boundary is approximated by the upper dashed line (from Petford 
et al., 2005a).

matrix flow regime can be expressed as a function of the 
Deborah (De) number, which measures the importance of 
elasticity in this phenomenon. We expect De to be of order 1 
or greater in the D" layer. The technology of second-genera
tion wavelets (Vasilyev, 2003) can also be brought to bear in 
the numerical solution of this problem, which is difficult to 
solve using conventional finite-difference techniques 
(Connolly and Podladchikov, 1998).

Previous numerical simulations of D" suggest that dense 
material, concentrated in regions of downwelling, can also be 
entrained in upwellings. This can result in imposing a topog
raphy on D" that is steep and of large amplitude, and whose 
structure is most likely coupled to the overlying mantle 
(Loper and Lay, 1995; Olson. 2003). Recently, the dilation 
model outlined above has been revised to allow explicitly for 
the effects of Maxwellian viscoelasticity in the granular
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phase (Koenders and Petford, 2007). This marks an important 
advance on earlier treatments. Fig. 5 summarizes results from 
initial scoping calculations aimed at determining the order of 
magnitude flow and mass flux rates of upwelling outer core 
liquid across the CMB in response to deformation-driven 
dilatancy in D" for the non-viscoelastic case (see Appendix 
for further details). Fig. 5a uses two end-member values of 
post-perovskite shear modulus, 3.4 x 10n Pa (T = 0 K) and 
2.85 x 10" Pa (T = 4000 K; Stackhouse et al., 2005). The 
results suggest that average flow flow rates («) into D" are

(a)

Figure 5. (a) Calculated core liquid metal flow rates (ms"1) as a 
function of strain rate assuming a ppv shear modulus of 340 and 285 
GPa (0 < T < 4000 K; Stackhouse et al., 2005). Upwelling rates due 
to dilatancy range from c. 5 x 10'9 m s'1 to c 10"4 ms’1 over the cal
culated strain rate interval, (b) Estimated mass flux rate (kg s'1) of 
outer core material (assumed density = 104 kg m3) into D” as a 
function of loading rate for three cross sectional areas of the core 
mantle boundary corresponding to 0.1, 1 and 10% of the total 
present-day CMB surface area (Petford et al., 2005a). Mass flux 
increases with increasing rate of strain.
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negligible (<10^ ms-1) until the local strain rate exceeds 
HT12 s-1. For high strain rates (10-10 s_l), flow rates are of the 
order of 10^* ms-1 (Fig 6a). The potential transport time of 
infiltrating core fluid given a vertical distance (//) upwards 
from the CMB to a height of 10 km (a length scale charac
teristic of the observed small scale geophysical heterogeneity 
in D’, Gamero, 2000) is c. lOno 103 years, provided loading 
remains constant at strain rate of I0-12 s_l may result in local 
rapid changes in electrical conductivity (see also section 3.2 
below). If higher rates of strain (10-,° s“') can be achieved 
transport times are of the order 108 s (several years). Estimates 
of mass flux rates into the base of D" are shown in Fig. 5b as 
a function of area fraction of CMB deformed. The entire 
CMB cannot be deformed simultaneously by cold down- 
wellings, and to gain an impression of the effect, three cross 
sectional areas corresponding to 0.1, 1 and 10% of the total 
CMB surface area (c. 1.5 x 10,4m2) are used. As with average 
flow rates, mass flux rates increase with increasing strain rate 
for a given area of CMB deformed. For strain rates in excess 
of 1(T12 s"1, mass flux rates lie in the range 109-10n kg s-1. 
At higher loading rates (c. 10-10 s_1), the mass flux rate 
across an area of deformation corresponding to 10% of the 
CMB may exceed 10u kg s-1. Clearly, mass transfer of the 
type described here will only occur during loading events of 
appropnate magnitude. However, during a period of protracted

3000

CMB :

2500- Geo therm

1500-

o Pv
• PPv

120 130
Pressure (GPa)

Figure 6. Compilation plot showing perovskite and post-perovskite 
phase stability at PT conditions relevant to the lowermost mantle 
and outer core (after shim. 2005).

deformation, it may be the case that the amount of dense 
material transported upwards into D" is sufficient to produce 
an exchange of angular momentum between solid mantle and 
the core. Density anomalies in the core-mantle system have 
been evoked as possible candidate mechanisms for length of 
day variations (e.g. Kuang, 2003, Holme, 1998). As unlikely 
as it may sound, a direct consequence of our mass transfer 
mechanism is a core-mantle coupling with the potential to 
alter Earth’s rotation.

3.2. Implications of Fe Infiltration on the Composition of 
Post-Pemvskite at the CMB

We emphasize that these results are preliminary and relate 
to an end-member (ideal) rheology. Nonetheless, they provide 
some insight into the possible role of deformation-induced 
instabilities at the CMB in locally drawing up dense, outer- 
core fluid into the lowermost mantle. Moreover, given the 
strong assumed dependence of the post-perovskite phase tran
sition on composition (Fe content), periodic excursions of 
infiltrating Fe-rich liquid metal from the outer core into the 
lowermost mantle may profoundly effect the positioning of 
this transition over time. Also noteworthy is the fact that per
ovskite can accommodate significant Fe (e.g. over 75 mole%) 
under lower mantle conditions and that the incorporation of 
FeO might stablize perovskite to higher pressures (Tateno 
et al., 2007). Either way then the interaction of liquid Fe with 
silicate perovskite close to the CMB is likely to result in 
changes in density and seismic properties that will contribute to 
overall heterogeneity and anisotropy in the lowermost mantle.

Enhanced infiltration of Fe-metallic liquid into D" may 
also expand the influence played by the chemically induced 
phase boundary, which could impact at a larger scale those 
dynamics of D" considered responsible for the generation of 
superplumes, thus linking the micro and macroscale compo
nents. Again at the microscale, the pp-ppv phase change of 
c. 1% by volume will result in a stress (pressure) effect that 
could in principle give rise to differential stresses close to the 
CMB. Indeed, it is possible that the phase transition itself 
induces a viscoelastic response capable of driving microscale 
flow, although more work is needed to confirm the magnitude 
of the effect. Furthermore, the phase change boundary will 
vary laterally with temperature. This will result in different 
depths of dP/dT laterally and may produce strong lateral 
stress gradients leading to lateral flow, shear-wave splitting 
and microscale flow.

3.3. Deformation of Silicate (ppv) Sediments Below the CMB

While debate continues as to the exact positioning of the 
perovskite-ppv phase transition within the lowermost mantle, 
there is evidence to support the idea that the ppv structure may
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be stable at PT conditions appropriate to the outer core (Fig,6). 
Thus, it seems reasonable to assume that any Fe silicate located 
there will be dominated by the post-perovskite phase. In a 
provocative paper, Buffett et al., (2000) showed that viscous 
compaction in a putative silicate sediment layer will act to 
expel interstitial core metal liquid and reduce an initial 50% 
porosity to a residual value of c. 0.1 on timescales of the order 
80-100 Ma. Inspired by this work and the idea that a sedimen
tary layer may be present at the top of the lower core mantle 
boundary, we have investigated some consequences that may 
arise from the local deformation of this layer, in particular the 
potential for liquid core metal to be drawn upwards into the 
sedimentary pile. As for the case outlined above for the lower
most mantle, infiltration of Fe-metal into previously com
pacted sediment below the CMB (Buffett et al,, 2000) has a 
number of potentially significant implications for the short
term geophysical behaviour of the upper outer core-CMB 
interface, including rapid changes in electrical conductivity, 
local composition and heat transport. In this section, we 
explore the idea that if there is indeed a thin (few km-thick) 
granular silicate slurry at the top of the outer core, its matrix 
and transport properties may be more dynamic than first envi
sioned. A key difference between the Buffett model and the 
one described here (which are otherwise complementary), 
relates to the rheology and microscale deformation behaviour 
of the assumed ppv-dominated sediment. As with our model 
for mantle deformation above, we assume the bulk material 
will dilate in response to an applied shearing stress. The effect 
causes the medium to expand, implying that pore space 
becomes available for the pore fluid, again noting that there are 
no voids in the system (in this case the pore fluid is trapped Fe- 
liquid metal). The model requires fixing material properties for 
the permeability and stiffness of the solid phase. Thus, die 
material properties of the sediment have to be considered. 
Buffett et al., (2000) assumed an arbitrary grain size of 10“7 m, 
similar to that of fine clay, but acknowledged that there is no 
direct evidence for this parameter range. As dilatancy has not 
been observed in materials where the grain size is < 1 micron, 
specimen calculations are performed assuming flocculation 
into clumps larger than the mean particle size. We find that 
grain clump sizes ^lO^4 m (100 microns) in the sediment layer, 
the dilation effect can result in significant fluid flow.

As with silicate mantle, we assume the putative sediment 
pile undergoes loading due to deformation effects that are 
external to the layer. Loading may be caused by fluctuations 
in convection velocity in the fluid outer core that cause 
stresses to propagate normal to the layer, or deformation 
from above the CMB hi the lower mantle (D"), again due to 
downwelling of cold material (e.g. Karato, 1998a,b; Petford 
et al., 2005b). On shorter timescales, there is little doubt that 
the outer core is convecting turbulently (Olson, 2003), giving 
rise to shearing strains concentrated at the sediment-liquid

interface. “Geomagnetic jerks”, caused by sudden accelera
tions in outer core liquid (Bloxham et al., 2002) also provide 
an attractive, if poorly understood, candidate mechanism.

Order of magnitude estimates of the local flow rate of 
liquid metal upwards into the dilating sediment layer 1 km 
thick are very smalt (< 10-9 ms-1) where the loading rate is 
comparable to mantle convection rates (10-b s-1). However, 
at rates of strain in excess of 10”12 s"1, flow rates increase 
markedly (in tandem with threshold changes in excess pore 
fluid pressure), and at high loading rates (c. 10“l° s-1), 
upwellmg velocities approach values characteristic of outer 
core convection velocities (0.1 mm s-1, Whaler, 1986). Total 
transport time of core liquid upwards through the layer is of 
the order 107 - 10to j (c. 1 to 300 years) depending on the 
loading rate. Thus, provided the sediment pile can be 
deformed externally at rates > 10"12 j”1, upwards infiltration 
of liquid core metal into the compacted upper sediment layer 
is expected to occur over for the duration of the loading event.

Several interesting geophysical implications follow on that 
are relevant to the core mantle boundary region. Most notable 
are changes in electrical conductivity when compared to 
estimates of tliis parameter based on the Buffett et al (2000) 
compaction model. The presence of an eclectically conducting 
layer along the core mantle boundary is well known (e.g. 
Garnero, 2000), but its precise location (mantle side or outer 
core) remains unclear, In the Buffett et al., (2000) model, com
paction in the upper part of the sediment layer resulted in 
expulsion of more dense core liquid, and a corresponding 
upwards reduction in electrical conductivity, from an initial 
value of 1.75xl05 SnT1 to c. 10s SirT1 where the conductance 
of the order 10s S. The relationship between electrical conduc
tivity (a) and sediment transport properties is given by Archie’s 
law: ct= /ixac, where n is porosity, % is a constant (1.5) and ac 
is the electrical conductivity of liquid iron (5xl05 Sm-1). A 
consequence of the dilatancy effect is that upwelling of core 
Liquid metal into the compacted region will locally raise the 
electrical conductivity there, leading to fluctuations in electri
cal properties in regions undergoing active deformation. As an 
illustration of this, Fig. 7 shows how ct will change in an ini
tially well compacted region of sediment (» = 0.05) away from 
its backgroimd value (5,5x103 Sm-1) as the porosity increases 
on dilation. Depending upon the exact choice of Fe liquid con
ductivity, the electrical conductivity could in principle increase 
thirty fold relative to the initial background value in highly 
dilatant, large porosity {n > 0,3) regions.

Another important consequence of the dilatant effect relates 
to heat flux. Sediments should accumulate in valleys where 
heat flux across tire CBM is lower than average (Olson, 2003). 
However, disruption and infiltration of tire sediment pile by 
hotter upwelling liquid might act to pump heat locally into the 
lower mantle. Hofmeister (2005) has suggested that the ther
mal conductivity of lower-mantle minerals should decrease
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oc = 4E5 Sm'

Porosity (n)

Figrue 7. Plot showing relative electrical conductivity in the sedi
ment layer 1 km beneath the CMB normalised to a background con
ductivity (5.5 xlO3 Sm'1) at 5% porosity (after BufFett et al.. 2000). 
Increasing the local porosity in the layer due to dilatancy also 
increases the electrical conductivity of the layer. Results arc given 
for two values of liquid Fe metal conductivity oc = 5 x 10s Sm*1 
(light grey) and oc = 4 xlO5 Sm'1 (dark grey).

with increasing Fe content. With respect to the scale hierarchy 
of processes outlined earlier, this could give rise to an inter
esting non-local effect in which Fe drawn into the source 
region of a mantle plume developing at the CMB would selec
tively heat up the interior. This would lower the plume viscosity, 
leading to a scenario involving a hot accelerating jet, fueled by 
the infiltrated iron. Fresh liquid iron drawn up into contact 
with the silicate pan of the lowermost mantle also provides an 
opportunity to refresh the basin with new sediment, a process 
unlikely to occur during compaction as Fe liquid metal is dri
ven out of the pile away from contact with the overlying man
tle. Finally, as already outlined, the Fe mole fraction in the 
post-perovskite phase lies in the range 0.2 to 0.8 (Mao et al., 
2004). The potential for partitioning large amounts of iron into 
the ppv structure means that ppv-dominated sediment could be 
up to 20% more dense that Fe perovskite (see also section 3.2) 
Gravitational compaction of a high density ppv slurry would 
thus be slower than that of Fe perovskite due to the reduced 
density contrast between grains and ambient fluid.

deformation processes. While conducting ultra-high pressure 
deformation experiments on dilatancy are challenging (e.g. 
Retford et al., 2006), insight into metal liquid and silicate inter
action under stress can be gleaned from lower pressure defor
mation experiments that provide some insight into the range of 
physical migration processes and the associated geochemical 
response. Changes in melt migration processes and geochemi
cal signatures conducted on a natural H6 chondrite, composed 
of 25% FeNi and FeS and silicate phases olivine and pyroxene 
at 1.0-1.3 GPa, under pure shear are presented in Rushmer et al. 
(2000) and Rushmer et al. (2005). In summary, the experi
mental charges show micro-veining and modification of the 
silicate phase compositions by migrating Fe-Ni-S-O metallic 
liquid (the eutectic composition at the onset of metallic mel
ting). Deformed charges also reveal textures consistent with 
Fe-Ni-S liquid quench occupying dilatant zones formed sub
parallel to the maximum compression direction, as shown in 
Fig. 8 (see also Plate 1c in Rushmer et al., 2005). We regard 
this as a critical observation. In all experiments where silicate 
melt is absent or present only in low volumes, metallic liquid 
is observed in dilatant shear zones, along grain boundaries or 
in zones of hydrofracture that develop at higher strain rates. 
These textures provide supporting evidence for the microscale 
segregation processes and Fe-infiltration model and suggest

3 4 Microscale Physical Processes: Experimental 
Deformation Studies

Experimental studies on metallic liquid and silicate systems 
provide a direct approach to core-mantle interaction driven by

Figure 8. Deformed Kemouve H6 Chondrite sample (KM-18). The 
experiment was performed at a strain rate 10"4 s'1, a pressure of 1.3 
GPa and temperature of 950°C. Applied stress (at) at constant strain 
rate is from the top of the image down, vertically. Shearing devel
ops at an angle to the applied stress and is filled with metallic liq
uid (now quench).
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3. Macroscale
(>300 km)Loading by cool 

down welling flow

Entrained 
core material

Post perovskite phase 
Viscoelastic 
deformation: i 

— shear-enhanced '
Superplume;

radiative 
heat transfer

. Microscale
\(< 50 km)

water

Outer core geodynamic flow

Plate 1. Summary diagram showing the proposed relationship between each of the three key length scales described in the text, along 
with their characteristic lengthscalcs: (1) Micmscale (< 50 km) shear induced matrix deformation and core liquid entrainment in D", 
(2) Mesoseale (50-300 km) internal boundary layer flow and density-driven sub-layer convection modeled using the shallow water 
equations, (3) Macroscale (> 300 km) supcrplumc initiation coupled w ith radiative heat transfer close to the CMB.
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that external loading can result in dilatant behaviour in relevant 
materials during the initial stages of deformation.

Preliminary results from high-pressure simple shear experi
ments investigating dilatancy in silicate-FeS systems per
formed at confining pressures of 3 GPa (used to inhibit brittle 
behaviour of the silicate matrix) are reported by Petford et al 
(2006). Despite the known high dihedral angle between FeS 
melt and silicate (Shannon and Agee, 1996), the experiments 
revealed that FeS liquid was highly mobile during deforma
tion. Liquid FeS routinely segregated towards the top of the 
deforming sample layers, and textural evidence ofearly dila- 
tantion was clearly preserved in some experimental runs. 
Detailed analysis of the resultant solid-melt microstructures is 
currently underway. But the observation that migration of FeS 
melt upwards in the experimental charge (i.e. against gravity) 
suggests that transient granular dilatancy and associated pres
sure gradients driven by shear, as predicted in theoretical mod
els of Petford and Koenders (2003), lends fiirther support to 
the basic physics underlying the microscopic regime (Fig. 9). 
However, we acknowledge it is a big step to extrapolate these 
textural observations to processes operating at the core-mantle 
boundary, and further experimental confirmation relating to 
the specific mechanism of shear-enhanced dilatancy at high 
pressure is needed (Petford et al., 2006), along with more data 
on the deformational behaviour of post-perovskite and relevant 
analogs (e.g. Yamazaki et al., 2006).

Deformation experiments are not only important for testing 
our ideas underpinning the microscale regime, but also in 
helping improve our overall understanding of the rheology of 
the lowermost mantle and core-mantle boundary region. 
Experimental deformation studies can also be combined with 
observations made via geoid anomaly data (e.g. Cadek and 
Fleitout, 2006) to provide additional insight into the theology 
of the lowermost mantle. Inversion of lateral viscosity distri
butions in the lower mantle obtained using long-wavelength 
geoid anomaly data (Cadek and Fleitout, 2006) reveal an 
interesting pattern of high viscosity regions associated with 
slow seismic velocity anomalies, and low viscosity regions 
found in regions with fast velocities. From a macroscale per
spective, this scenario can be explained by a model whereby 
downwelling slabs are transformed at their leading edge to 
post-perovskite and become less viscous. Their lower viscosity 
allows them to spread laterally so that together they pin down 
stiff, hotupwelling plumes. This situation is shewn in Fig. 10, 
where the sinking slabs act to stabilize the hot, but rheologi- 
caily strong, pervoskite plumes in the deep mantle.

3.5. Microscale Physical Processes and Associated 
Geochemistry1: Fe-Ni-S Liquid Entrainment and Possible 
Fe~Enrichment of Silicates

The extent to which Fe-enrichment due to core-mantle inter
action in the D" region is a real processes or a geochemical

artifact is proving controversial (Walker and Walker, 2005). 
As already mentioned, the greater density of liquid iron alloy 
and its immiscibility with silicate rock creates a highly effi
cient physical barrier between mantle and core. However, 
there are no significant reasons why the Earth’s mantle 
should be chemically isolated from the core. Indeed, Brandon 
and Walker (2005) claim that the D” region is one of the most 
chemically reactive regions of Earth’s interior. Several mech
anisms have been proposed to account for the required core
mantle interaction. One is the microscale processes described 
above where core liquid is physically incorporated directly 
into D" by shear and subsequently tapped by CMB-derived 
plumes. This model could give rise to the isotopic systema- 
tics observed in Os and W (e.g. Walker et al., 1995; Brandon 
et al., 2003; Brandon and Walker, 2005). A complementary 
process, operating in tandem with physical entrainment, 
arises out of chemical reactions between migrating liquid Fe- 
Ni-S (O) and the surrounding silicate matrix. It is proposed 
that such chemical exchange could locally produce Fe- 
enriched silicates (e.g. Humayun et al., 2004) which are in 
turn tapped by CMB-derived plumes, enriching them with 
high Fe/Mn ratios but without any corresponding metallic 
component that would generate clearly distinguishable iso
topic heterogeneities. In this way, Fe/Mn is decoupled from 
186Os -lf!7Os ratios during physical entrainment at source. In 
addition, as the outer core crystallizes, W and Os can be 
decoupled due to differences in partitioning behaviour (W 
has a lower Kd for the metallic residual metal than Os, 
Humayun et al., 2004). Thus, depending upon the plume 
source process history, W and Os isotopic ratios and Fe/Mn 
ratios need not correlate in plume-derived materials sampled 
at the Earth’s surface, and the presence/absence of one or the 
other are not in themselves unique indicators (the ‘smoking 
gun’) either in support or as evidence against of core-mantle 
interaction. Less controversially, continued differentiation of 
the liquid outer core to form the solid inner core over time is 
likely to have increased the overall abundances of the light 
element constituents (FeS, FeO, etc.) to the point of exsolu
tion at the CMB (Brandon and Walker, 2005). Existing 
Fe/Mn data from Gorgona and Hawaiian samples help place 
some limits on the possible types of chemical reactions that 
may occur at the CMB. One such reaction between an outer 
core composed of FeO-FeS-Fe (O and S being the light ele
ments that ensure the outer core is liquid by reducing the 
solidus of FeNi), and silicate mantle (Mg,Fe)0 comprising 
perovskite and magnesiowustite is:

(Mg,Fe)0 + FeCRFeS+Fe = (Mg, Fe*)0 + Fe-FeS

In this reaction, the outer core would contribute FeO in the 
silicate form to any subsequent mantle plume, leaving Fe-FeS 
as residual metallic liquid in D". Os isotopes see this metal, 
but more randomly than the interaction via FeO with the
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Figure 9. Simple shear experiment perfonned on FeS and Olivine matrix with solid olivine at 3 GPa and 1200°C. Before melting and 
simple shear, FeS was distributed evenly across the olivine matrix. After shear, a small fault was seen to cut the sample midway. During 
deformation, molten FeS has migrated to the top of the layer (right hand side of top image) and to the bottom (left hand side, top 
image). The lower image is a close-up of the sample, showing that liquid FeS has migrated upwards to collect at the top of the 
deformed layer.

silicates. Therefore, mantle plumes derived from a transiently 
sheared core-mantle boundary may be higher in FeO (Fe/Mn 
ratios), but. Re-Os systematics may be decoupled.

Rushmer et al. (2005) noted the enrichment of silicate 
phases through interaction with liquid metal during shear
ing deformation. In contrast, experimental studies at high

pressures but without deformation (e.g. Knittle and Jeanloz, 
1991 Takafuji et al. 2005; Sakai et al. 2006; Asahara et al. 
2007) suggest that O will be incorporated preferentially into 
the liquid Fe. Such observations may help explain the appar
ently conflicting chemical signatures in some magmas 
believed to have been sourced from plumes originating deep
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Figure 10. Cartoon showing role of large-scale (macroscale) defor
mation and interaction at the CMB as inferred from long-wavelength 
gcoid anomaly data (Cadck and Fleitout 2006) in relation to the pv- 
ppv transition. Fast sinking slabs, transformed to post-pcrovskitc. 
have lower viscosity and can spread laterally. This could act to desta
bilize hot. but strong, pervoskite plumes in the deep mantle.

in the mantle. It also seems likely that variations in f02 are 
important. This is confirmed by Asahara et al., (2007) who 
found that at high pressures in the system magnesiowustite 
plus liquid iron. FeO partitions into magnesiowustite. One 
consequence, given chemical equilibrium between mantle 
and core, is the presence of a thin layer at the base of the 
mantle, highly depleted in FeO.

4 MESOSCALE PROCESSES: PETROLOGICAL AND 
THERMAL-MECHANICAL INTERACTION BETWEEN 

THE PPV BOUNDARY AND OUTER FLUID CORE

We now address the effects of mescscale processes and ther 
relationship with the ‘leaky’ core hypothesis. Gerya et al., 
(2006) have developed a 2-D numerical model of coupled 
petroiogical-thermomechanical and porous flow processes at 
the CMB. Along with core-mantle interaction (microscale 
processes), chemical-mechanical changes in D" may also 
result from contamination by floundering, Fe-rich, oxidized 
slab fragments reaching the CMB (Fig. 2) and changes in 
lower mantle convection style resulting from small scale con
vection within a denser Fe-rich D"-ppv layer. Recently a self- 
consistent, mesoscale petroiogical-thermomechanical model 
of the lowermost mantle has been derived (Connolly, et al.. 
2005; Gerya et al.. 2006. Gorczyk et al., 2007) that explicitly 
accounts for density changes due to phase transitions involv
ing ppv in both the continuity and the momentum equations, 
along with relevant latent heat reactions and energy conser
vation equations that include shear heating. The time-depen- 
dent continuity equations, solved in Lagrangian form with 
substantive time derivative of density computed from moving 
active markers, use a viscoelastoplastic rheology (Gerya et 
al., 2006. Connolly et al.. 2005). The mesoscale model 
includes the various nonlinear dependences of thermal con
ductivity. which has a strong radiative component (see also 
section 3.5 below). Initial results suggest that undulations in

the thickness of D" can result from the interplay of tempera
ture and composition on the pv-ppv phase transition. 
Thermally-driven undulations of the pv-ppv phase boundary 
can be significant due to the large Clapeyron slope. 
Temperature excursions of 100 K and 500 K give rise to 17 km 
and 85 km deflections of the boundary, respectively. 
Traditionally, undulations of the phase boundary have been 
attributed strictly to thermal perturbations associated with 
erupting plumes (Schubert et al., 1975). However, there is 
increasing evidence that deep mantle plumes respond to local 
chemical potential (Yuen et al., 1993; Ishii andTromp, 1999; 
Trampert et al., 2004). Therefore, the possibility that the 
pv-ppv phase boundary undulation is in part compositional, 
reflecting variations in Fe/Mg within a chemically heteroge
neous D", requires serious consideration. It may also follow 
that the transition pressure (depth) may vary with the molar 
fraction of Fe replacing Mg in the ppv lattice. The approxi
mate relative magnitudes of thermal and chemical perturba
tions still need to be investigated. However, one implication 
of Fe infiltration due to shearing is that the Fe/Mg ratio in 
post perovskite, hence the location of the phase transition 
(section 3.1), close to the CMB may be position-dependent 
and linked with tectonic events (downwelling of slabs, 
upwelling of outer core fluid).

5. MACROSCALE PROCESSES: THERMAL- 
CHEMICAL (SUPER)PLUMES WITH RADIATIVE 

THERMAL CONDUCTIVITY

The presence of a thermal boundary layer at the core-mantle 
interface requires conductive heat transfer to take place 
across the CMB. Heat transport by thermal conductivity 
involves two different mechanisms: scattering involving lat
tice vibrations (&iat) or diffusive emission-absorption 
exchange of photons (kn(i). Previous results show dk\JdT is 
negative whereas dk^ 1ST is positive (e.g., Hofmeister, 
2004). leading Dubuffet et al. (2002) to conclude that vibra
tional transport invigorates convection through feedback in 
the temperature equation (boundary layers are destabilized 
and convection is made more chaotic and time-dependent), 
whereas radiative transport weakens convection by stabiliz
ing the flow. Recent work (e.g. Hofmeister, 2005, 2006), has 
shown that the temperature dependencies are more compli
cated than previously thought, with strong ramifications for 
large scale (superplume) initiation in the lower mantle. 
Radiative, diffusive transfer inside the Earth is governed by 
two factors: the mean free path traveled by photons, and the 
photon flux. In turn, both factors depend on grain size 
(Fujisawa et al., 1968; Brewster, 1992; Hapke, 1993; 
Kauftnann and Freedman, 2002). However, only recently has 
grain size been included in calculating k^ (Hofmeister, 
2006). In Earth’s lower mantle, energy absorptions in the
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visible range are dominated by electronic transitions in Fe2+ 
with £rad a direct function of the concentration of [Fe2+], The 
threshold effects and flattening of k\M, which also exhibits 
threshold behavior, have ramifications on the style of mantle 
convection as shown by the results of Dubuffet et al. (2002). 
The specific domains in thermal conductivity suggest slug
gish lower mantle flow, but a strongly time-dependent pattern 
above 670 km. That radiative transfer decreases as 
Fe/(Fe+Mg) increases beyond 0.1 suggest that thenno-chem- 
ical plumes can form at the base of the lower mantle through 
a positive feedback involving chemical enrichment (e.g. 
shear-induced dilatancy on the microscale), thermal conduc
tivity. and temperature-dependent viscosity. This combined 
set of processes would be most effective at stagnant points of 
the upwelling.

5.1. Global Implications

Models of thermal convection and mantle dynamics are 
now being constrained by the post-perovskite phase transition. 
This advance, combined with the microscale and mesoscale 
processes outlined above that argue for a chemically diverse 
D", have the potential to deepen significantly our under
standing of mantle gedynamics on a global scale, and in par
ticular the formation of superplumes. Recent geodynamical 
simulations (Matyska and Yuen. 2005, 2006; Nakagawa and 
Tackley. 2004. 2006) have focused on the ppv phase transi
tion itself. However, these studies differ in that the model of 
Matyska and Yuen (2005, 2006) makes explicit use of the 
radiative component of thermal conductivity in the fluid 
dynamic calculations (see section 5 above). For all other 
parameters fixed (e.g. Rayleigh number, spinel to perovskite 
upper-mantle phase transition, depth-dependent viscosity 
etc) superplumes only develop where radiative thermal con
ductivity is included explicitly in the calculations (Fig. 11). 
We regard this result, linking the microscale and macroscale 
aspects of our model through 3-D numerical solutions and 
thermal-chemical convection in D" with the post-perovskite 
phase transition, as a significant development. Although still 
incomplete, as the transition pressure of the phase change 
depends on both thermal and chemical variations associated 
with lower-mantle dynamics (section 4), we believe we have 
moved forward in our understanding of thermal-chemical 
convection with a phase transition.

Additional factors that follow on from a better understanding 
of the thermal and chemical variations that influence lower 
mantle dynamics are the role of Fe-enrichment and plume 
flux rates (Nolet et al., 2006). Observations indicate clear 
variations in flux strength (Hawaii high, Azores, low) of deep 
sourced mantle plumes (Montelli et al., 2004). If temperature 
alone is the driving force for upwelling, it is not clear 
why this should result in such variable flux rates. Could
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Figure 11. Figure from a numerical simulation into the effects of 
radiative heat transfer on plume nucleation at the CMB. The two 
models show contrasting temperature fields that highlight the strong 
effect of a small amount of radiative thermal conductivity (k = k(T)) 
resulting in an overall conductivity increase of around 50% (from 
Matyska and Yuen, 2005).

compositional variations play a role too? Clearly we still have 
much to learn. However, it is apparent that the next genera
tion of geodynamic models must incorporate a chemically 
diverse D" layer appropriately parameterized to include the 
mineralogical and seismic properties of post-perovskite and 
its position-dependent phase transition.

6. SUMMARY

We have presented a model that views lower mantle convec
tion as a series of linked, hierarchical processes. The emerging 
picture is one of a highly dynamic region modified by signifi
cant interaction and exchange, both chemically and physically 
between post-perovskite dominated silicate and outer core 
fluid. The “leaky core” hypothesis requires an appropriate 
transport mechanism and we propose a model to account for 
this that involves regional deformation of ppv silicate triggering 
a local dilatant effect that sucks up core fluid. We define this 
aspect of the problem as contributing to the microscale (< 50 
km) dynamics of D". Some important meso (50-300 km) and 
macroscale (> 300 km) geodymanical implications follow on 
from our micorscale model. Firstly, it provides a mechanism for 
imparting a distinctive HSE chemical signature into the lower
most mantle, that links known large scale mantle flow processes 
with recent geochemical observations for core-mantle interac
tions. Secondly, given the strong dependence of the perovskite 
and post-perovskite phase transition on composition, periodic

-e
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excursions of infiltrating Fe-rich metal from the outer core into 
the lowermost mantle may have profoundly effected the posi
tioning of this transition over time, and contributed also to sub
layer mesoscale convection driven in part by density gradients. 
Even if upwelling core metal does not instill a strong chemical 
potential in D”, it is likely to produce a rheological effect that 
could influence the elastic properties of ppv and produce 
changes in electrical conductivity. Fe-rich ppv may be respon
sible for ultra low velocity zones, although other mechanisms 
related to topography such as sedimentation in CMB basins, 
which may themselves be deformed to produce local changes in 
electrical conductivity, should not be ruled out. Encouragingly 
there is some experimental evidence in support of the dilatant 
mechanism at elevated FT conditions. Finally, Fe-rich ppv in 
the lowermost mantle resulting from leaky core infiltration will 
influence the nature of thermal conduction across the CBM.
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APPENDIX

modified form of Eq. (1) that takes into account the effects of 
coupled shear strain and volume stress. The reader is referred 
to Petford and Koenders (2003) and Koenders and Petford 
(2005, 2007) for a full treatment of the mathematical details 
of granular aggregates deforming under pure and simple 
shear that includes also the effects of rate-dependency. The 
basic model is incremental, and by assigning fixed material 
properties for the permeability and stiffness of the solid 
phase, Eq. (1) can be rewritten as:

K^ = -{p-Rc{t)) (2)

dy ax

where p is the excess pore pressure, c is the shear stress rate, 
is a non dimensional constant of 1 and a is a measure of the 

granular stiffness of the sediments comprising the layer. 
Under appropriate boundary conditions p{JT) = 0 (there is no 
excess pore fluid pressure at the bottom of layer of thickness 
//), and dpidy = 0 (the layer is virtually impermeable at the 
top), Eq. (2) can be solved analyticallyto provide insight into 
the potential magnitude of pressure changes and accompany
ing fluid flow rates as the material deforms in response to 
externally applied shearing strains. The position-dependent 
order of magnitude change in excess pore (fluid) presure in a 
layer of thickness H is:

The dilatancy effect is a key component of the microscale 
process. The model put forward is described in detail in 
Petford and Koenders (2003) but summarised here for com
pleteness. The total stress Is er,;- = <r,ij — pSy where p is the 
excess pore pressure and & is the skeletal stress (Terzaghi, 
1943). The vertical coordinate is y, the two horizontal coor
dinates are x and z. The stress equilibrium requires that 
dtfij/dxj = 0 which for a problem that does not depend on x 
and z results in o\y = c{t) and a'yy = p — d{f), where c{t) and 
d{t) are time dependent constants. Biot’s equation for the con
solidation of an incompressible fluid flowing through a 
porous material with position-dependent permeability k(x) 
takes the special form:

Rc{H2 -y2) 
2kd

(3)

where k is the matrix permeability and 6 in this case is the 
ppv matrix strength (taken arbitairly as 109 Pa). Finally, the 
upwelling (w) rate is:

eHG 1 mPa 
Pa

(4)

where G is the ppv shear modulus, obtained from ab-initio 
calculations (Stackhouse et al., 2005).

dp

dy
ndv dp = nB— + — Hdy dt (1)

where v is the displacement of the granular material, n is the 
porosity (melt fraction), and {$ is the fluid (Fe-metal) com
pressibility. Time differentiation is denoted by a dot. 
Although Biot’s theory describes well the mechanical behavi
our of porous media under compaction, it does not take into 
account the coupling between volume strain and shear stress 
that in granular materials results in dilatancy. Koenders and 
Petford (2000) and Petford and Koenders (2003) give a
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Abstract

The segregation and macroscopic transport phenomena leading ultimately to the fonnation of metallic cores in planetary 
silicate mantles is a fundamental yet poorly understood process. Here we report tire results of a series of deformation experiments 
on a sample of partially molten Kemouve H6 chondrite (r=900-l 050 °C) aimed at determining the siderophile concentrations and 
associated partition coefficients in both Fe—S—Ni—0 quench and Fe—Ni metal as a function of degree of melting, and to provide 
insight into the melt segregation mechanism(s). The geochemical results show the S content in the segregated Fe-rich liquid metal 
decreases with increasing degree of melting. As the S content of the liquid metal also strongly affects the partitioning of highly 
siderophile elements between solid and liquid metal, an increase in porosity (Fe liquid melt fraction) from c. 5% to 30% lowers 
^sm/lm for HSE by several orders of magnitude. The relationship between melt fraction and porosity is used to compare the 
migration rate of liquid metal driven by buoyancy pressure gradients with a new theoretical model of melt segregation in a 
deforming porous medium that takes into account tire coupling between volume strain (dilatancy) and shear stress. For buoyancy 
driven porous flow, highest transport velocities occur at highest porosities, implying the fastest flow velocities will cany Fe-rich 
liquid metal with low sulfur contents, preferentially enriched in incompatible HSEs. Predicted characteristic timescales of liquid 
metal transport due to buoyancy effects (diapirism and porous flow) for a c. 100 km-sized planetesimal are contrasted with shear- 
induced segregation velocities set up in response to external perturbations via impacts, an important process during the final stages 
of planetary accretion. A novel feature of our analysis is that liquid metal segregated previously into a planetary core by buoyancy 
instabilities (e.g., porous flow or a raining mechanism), might be drawn locally back into tire silicate lower mantle by pressure 
gradients linked to surface impacts providing a physical mechanism for return flow of siderophile elements across the CMB. 
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1. Introduction

Although liquid iron-rich metal segregating from a 
molten silicate mantle (magma ocean) is a widely 
cited mechanism for segregating core forming mate
rial on large planets [1—4], the short times (<30 Ma) 
required for terrestrial core formation based on W-Hf 
isotope systematics have reopened the debate on the 
role of magma oceans and large impacts in core 
formation [5-8]. The decay of short-lived isotopes 
(e.g., 182Hf to 182W) suggests that most of the bodies 
for which we have samples formed their cores rapidly, 
possibly within 3 my of solar system formation [4]. In 
addition, studies on extinct radionuclide systems in 
meteorites suggest estimates of 2 to 10 my after 
condensation within the solar nebula for planetesimal 
(<100 km) differentiation and that same short interval 
for core formation from iron meteorite data [9]. These 
studies provide supporting evidence that the terrestrial 
planets and larger asteroids (e.g., Vesta) formed by 
rapid accretion of planetesimals that had already 
undergone early differentiation and contained proto
planetary cores. Therefore, reconciling estimates of 
primary bulk silicate mantle with candidate planetary 
bulk compositions (e.g., chondrite) requires not only 
an understanding of the geochemical consequences of 
core formation but also the physical mechanisms 
responsible [4,10-13].

Previous physical segregation experiments per
formed under static conditions at elevated pressures 
and temperatures have shown that reduced metallic 
liquids (Fe-Ni-S eutectic liquids) are unable to perco
late through a solid silicate matrix due to high dihedral 
angles [14,15], Although this result is now under 
revision [12,13,16], it is acknowledged that the com
plete extraction of Fe-alloy liquids cannot be by simple 
percolation alone and requires either an environment 
where permeability is created or high degrees of sili
cate partial melt are present [13]. Dynamic experi
ments under nonhydrostatic conditions show that 
deformation is capable of providing high permeability 
pathways for metallic liquid segregation in solid sili
cate matrices [17,18]. The strong implication of these 
studies is that shearing stresses may have played a 
much more important role in core formation than pre
viously recognized [13,19], especially during the latter 
stages of accretion where impact rates are high [1]. 
Dynamic segregation of Fe-rich liquid metal during

partial melting will also impart a distinct geochemical 
signature on the composition of residual metal and 
determine siderophile partitioning behavior [18]. 
These chemical signatures should vary according to 
initial parent body composition, segregation mechan
isms and the degree to which early S-rich, and possibly 
O-rich, core-forming liquids were extracted.

This contribution is split broadly into two parts. The 
first deals with new results from rock deformation 
experiments on a natural sample (Kemouve H6 chon
drite) aimed at gaining insight into the interplay 
between deformation and geochemistry, in particular 
the role of sulfur in governing siderophile element 
behavior during active Fe-rich metal liquid segrega
tion. We highlight the significance of the observed 
rock textures, drawing attention to a dilatant regime 
preserved as melt-filled veins in the rock matrix prior 
to brittle fracture. The second part is concerned with 
the coupling that must exist between the physical 
transport mechanism of core forming liquid metal 
and its compositional characteristics. Using results 
from a shear-dilatancy defonnation model, we show 
that strain rate driven metallic liquid segregation can in 
principle be an extremely rapid process compared with 
other mechanisms such as creeping flow based on 
percolation (porosity) thresholds and static material 
properties, and present a tentative model for physical 
interaction of core melt and overlying mantle during an 
externally imposed shearing regime. We then consider 
the geochemical consequences for upper mantle abun
dances of the platinum group elements, and show that 
core melt admixture into the mantle provides a suitable 
explanation of the “excess siderophile element para
dox” for the most highly siderophile elements.

2. Experimental methodologies and analytical 
procedure

Deformation experiments were performed in a 
Griggs solid media rock deformation apparatus at 
confining pressures of 1.0-1.3 GPa with deformation 
at strain rates of 10“5 and 10“6 s“1 over a tempera
ture interval of 900-1050 °C The starting material 
used in the study is a natural H6 chondrite (Ker- 
nouve), composed of olivine, orthopyroxene, plagio- 
clase, clinopyroxene, chromite and chlorapatite with 
metal and sulfide phases constituting 20-25 vol.%.
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Table l
Laser ablation ICP-MS analyses of experimental inns

KM-12
(1.3 GPa, 925 °C, 10“6s“1)

KM-10
(1.0 GPa, 925 *C, 10“5 s t)

KM-17
(1.3 GPa, 940 “C, I0~6s-1)

KM-11
(1.0 GPa, 990 "C, 10"5 s 1)

Metal compositions:
Co (wt.%) 1.33 + 0.11 0.39 ±0.01 0.82 ± 0.07 1.21 ±0.10
Ni (wt.%) 19.1 + 1.5 9.1 ±0.7 9.6 ±0.8 15.8± 1.3
Cu 359 ±29 84+ 1.5 117 ± 10 244 ± 20
Ga 19 + 2 21 ±3 49 ±4 32 ±3
Ge 154± 12 78± 16 95 ±8 115 ± 9
As 58 + 5 12 ± 1 15 ± 2 9 ± 1
W n.a. n.a. 2.9 ± 0,3 26 ±2
Re n.a. n.a. 1.0±0.1 1.5 ±0.2
Os n.a. n.a. 10.4 ±0.9 17.9± 1.5
Ir 6.2 ±0.5 12.6 ±1.3 11.8± 1.0 16.0 ± 1.3
An 4.2 ±0.4 0.9 ±0.1 n.a. 1.1 ±0.1

Sulfide/melt compositions:
Co (wt.%) 0.32 ±0.03 0.15 ±0.02 0.52 ±0.10 0.79 ±0.13
Ni (wt.%) 12.9 ± 1.0 6.2 ±0.9 10.3 ±1.2 14.3 ±0.8
Cu 1208 ±97 434 + 36 275 ±9 441 ± 22
Ga <0.9 3 ± l 21 ±4 20 ±3
Ge 0.5 ±0.4 <3 47 ± 8 87± 18
As 3.7 ±0.8 5.4 ± 0.1 31 ± 8 25 ±4
W n.a. n.a. 0.6 ±0,1 16.4 ±0.7
Re n.a. n.a. 0.12 ±0.03 0.39 ±0.01
Os n.a. n.a. 1.0 ±0.2 3.5 ±0.3
Ir <0.02 <0.15 1.3 ± 0.1 4.0 ±0.4
An 0.32 ±0.05 0,53 ± 0.05 n.a. 2.13 ±0.3

D(metal/melt):
Co 4.2 ± 0.5 2.6 ±0.4 1.6 ±0.3 1.5 ±0.3
Ni 1.5 ± 0.2 1.5 ±0.2 0.9 ±0.1 1.1 ±0.1
Cu 0.30 ±0.03 0.19 ±0.02 0.43 ± 0.04 0.55 ±0.05
Ga >20 6.1 ±2.3 2.3 ±0.5 1.6 ± 0.3
Ge 291 ±201 >25 2.0 ±0.4 1.3 ±0.3
As 16 ±4 2.1 ±0.2 0.5 ±0.1 0.4 ±0.1
W 4.7 ±0.8 1.6 + 0.1
Re 8.4 ±2.3 3.8 ±0.4
Os 10.7 ±2.2 5.1 ±0.6
Ir >270 >84 9.5 ± 1.4 4.0 ± 0.5
Au 13 ± 2 1,6 ±0.3 0.5 ±0.1

Temperatures given as measured in the center of the charge (see text). All compositions in ppm unless otherwise indicated.

While not explicitly controlled,/O2 is estimated to be 
close to QFM in the solid-media deformation appara
tus. The experimental study was designed to produce 
a framework for exploring different physical mechan
isms of core formation and a fundamental aspect is the 
use of a natural starting material that allows us to 
determine die inteiplay between deformation and geo
chemistry. The amount of stress (load) supported by 
the sample was monitored at all times during die

experiments although yield strength was too weak to 
be measured accurately by the solid-media apparatus 
(<50 MPa). Temperature gradients were observed 
from the lower “hot spot” to the top of the sample. 
This temperature difference is determined by different 
liquid metal distribution, deformation textures and 
strain accommodation in the upper regions of the 
sample, and silicate melt (if temperature was high 
enough) in the middle and lower portion of the sam-
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pie. Strain is focused in the hotter portions of the 
sample because it is more easily accommodated in 
the hotter region, however in regions where signifi
cant silicate melt was present, strain is accommodated 
but not recorded (deformation textures cannot develop 
as they do in solid material). The temperature of the 
charges is given from the thermocouple positioned in 
the center of the sample, which records the tempera
ture located above the hot spot. Strain or strain rates of 
individual samples are presented (see below) and they 
refer to bulk strain and/or strain rate based on the 
change of original sample length to sample length 
after the experiment. Additional details of the experi
mental approach are described in [18].

The results of several key experiments (samples 
KM 10, 11, 12, 17 and 24) are presented here as 
representative of the textures that develop during 
deformation of the ordinary chondrite as a function 
of partial melting in the silicate matrix, the metallic 
and sulfide phases. We have determined the composi
tions of both quench metal liquid and residual metal 
phases at different degrees of partial melting (samples 
KM 10, 11, 12, 17). Trace element compositions at 
selected points in the experimental run products were 
analyzed by laser ablation ICP-MS microanalysis at 
the University of Chicago and shown in Table 1. Table 
1 also shows the calculated partition coefficients 
C^sm/ls) between solid metal (SM) and liquid 
metal (LM). The locations to be analyzed were 
selected from a BSE image of the polished run pro
ducts. Laser ablation ICP-MS analyses were per
formed using a CETAC LSX-200 laser ablation 
peripheral coupled to a magnetic sector ICP mass 
spectrometer, the Finnigan ElementTM, using techni

ques similar to those described by Campbell et al., 
2002 [20] and Campbell and Humayun (2004) [21]. 
Measurements were made by laser ablating spots 25 to 
50 pm in diameter and ~15 pm deep. During the 
analyses, the mass spectrometer was swept repeatedly 
over the mass range of interest, and counts were 
accumulated at selected masses. The isotopes moni
tored during analysis included most or all of the 
following: 34S, 57Fe, 59Co, ^i, 63Cu, 69Ga, 74Ge, 
75As, 182W, 185Re, 1920s, 193Ir, 195Pt, and 197Au. 
Background subtractions were performed using the 
average of three blank measurements that were run 
either immediately before or after each set of analyses. 
Instrumental sensitivity factors for each isotope rela
tive to 57Fe were determined by measuring the signal 
intensity from known standards [20], and the cor
rected intensities were normalized to 100%. When 
multiple measurements were made, the reported 
uncertainties are the standard error of the mean of 
replicate analyses of each phase; when replicate mea
surements were not made, the reported uncertainties 
are calculated from counting statistics, plus an instm- 
mental error of 8% based on replicate analyses of the 
standards.

We also determined the S and when possible, O 
content, of the quench liquid residual metal phases at 
sites measured by LA-ICPMS and these are shown in 
Table 2. Major element analyses of the quench liquid 
and metal phase in each sample were collected using a 
JEOL JXA 8900L electron microprobe with an accel
eration voltage of 20 kV, 30 nA beam current and 
employing the ZAF correction method. Analyses used 
a rastered beam over 50 pm-square area for the 
quench liquid metal. For O, we required a small

Table 2
Major element analyses (in wt.%) by electron microprobe of quench liquids and residual metal from experiments KM-10, -11, -12 and -17 that 
represent different degrees of partial melting

Element K.M-I2: lowest degree KM-10: low-mod degree KM-17: mod-high degree KM-11: high degree

Liquid quench Residual metal Liquid quench Residual metal Liquid quench Residual metal Liquid quench Residual metal

Fe 60.10 + 3.9 82.02 ±2.1 62.17 ±1.6 89.53 71.45 ± 1.16 91.30± 1.2 76.08 ±3.4 86.50 ±3.8
Ni 6.81+6.1 17.52 ± 1.4 5.82 ±0.1 7.51 12.85 ± 1.74 9.52 ±2.6 12.97 ±2.3 12.99 ±2.9
S 33.85 + 3.4 0.09 ± .006 28.32 ±2.9 3.26 !6.26± 1.22 0.05 ±0.01 8.86 ±3.1 0.41 ±0.01
Co 0.32 ±0.2 0.12 ± 0.12 0.13 ±0.03 0.41 0.31 ±0.02 0.39 ±0.06 0.67 ±0.2 0.88 ±0.2
Cr 0.04 + 0.01 n.a. 0.17 ±0.02 0.03 0.08 ± 0.02 0.02 ±0.01 0.04 ±0.01 0.20 ±0.01
P 0.01+0.001 n.a. 0.05 ± 0.04 0.12 0.20 ±0.03 0.14 ±0.1 0.30 ±0.02 0.09 ±0.05
O 0.26 ±0.04 n.a. 1.86± 1.03 n.a 0.33 ±0.13 0.08 ±0.01 1.51 ±0.9 n.a.

The quench analyses were performed at the sites where LA-ICPMS (LA) was performed for siderophile analyses (see Table 1).
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beam size of 1-3 |nm to reduce the chance of over
estimating O by the presence of irregularities of the 
polished surface. Counting times were 20 s for most 
elements and 40 s for S. Natural and synthetic miner
als were used as standards. Fe, Ni, P, Co and Cr were 
also analyzed and are included in Table 2.

3. Results

3.1. Deformation experiments: textural descriptions

Textural and chemical analyses confirm the mobi
lity of Fe-Ni-S-bearing liquids under conditions
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where the silicate matrix remained subsolidus or con
tained <5% silicate liquid. At greater silicate melt 
fractions, metal-sulfide liquid geometry takes the 
form of immiscible, spherical shaped beads within 
the silicate melt. These gradually become coarser 
with increasing silicate melt fraction [18,22]. Fig. 
la-e shows the results of deformation experiments

on the Kemouve H6 ordinary chondrite that show 
some key features of a granular matrix undergoing 
shear. Quench Fe-Ni-S liquids occupy dilatant zones 
in regions where the olivine-pyroxene dominated 
silicate matrix has not undergone extensive melting 
or hydrofracture. Such textures are important in that 
they provide experimental evidence for the theoretical
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Fig. 1. Textural development in the deformation experiments as a function of increasing temperature. Quenched Fe-S-Ni liquid and Fe-Ni 
metal are most reflective phases; silicates (olivine, clinopyroxene and plagioclase) the least reflective. Images are oriented so applied stress (.v |) 
is applied vertically from the top. except for c. a) Backscatter image of KM-12. This experiment represents the lowest degree of partial melting. 
Veins are of quench Fe—Ni—S and S measurements range between 32-35%. Sites noted are from LA-ICPMS analyses, b) Backscatter image of 
KM-10 which represents low to moderate degrees of partial melting. Quench metallic liquid showing migration of liquid Fe-Ni-S quench 
linking unmelted Fe Ni residua. The S content of quench liquids range between 26 and 29 wt.% S. c) Backscatter image of experiment KM-24. 
The metallic liquid, quenched to metal phase FeNi and sulfide FeS at the end of the experiment, occupies a dilatant zone that has formed sub
parallel to the maximum compression direction (compression direction is parallel to sample edge shown in image). This texture contrasts with 
that of extensive veining and migration of S-rich metallic liquids observed in experiments where the silicate matrix has ultimately undergone 
fracturing. Note shear bearing quench Fe-Ni-S liquid occurs in a region where the olivine—pyroxene dominated silicate matrix has not fractured; 
d) KM-17 two-phase quench (FeNi and FeS) texture in silicate melt (more reflective silicate) and olivine. LA-ICPMS sites are visible in the Fe- 
Ni-S quench and FeNi residua. S content ranges between 12 and 18 wt.% in the quench Fe-Ni-S liquid, e) KM-11 has undergone the highest 
degree ol partial melting and shows both quench (FeS and FeNi) bleb texture in silicate melt (the more reflective silicate as in KM-17) and 
olivine. LA-ICPMS sites are marked and visible in the Fe-Ni-S quench and FeNi residua. S content ranges between 7 and 10 wt.% in the 
quench Fe-Ni-S liquid.

model that follows, and confirm the presence of a 
dilatant deformational regime in the material prior to 
brittle failure.

3.1.1. Liquid metal/solid silicate
Experiments KM-10, KM-12 and KM-24 all show 

deformation textures associated with liquid metal 
migration in a solid silicate matrix under applied 
stress. KM-10 (1.0 GPa, 10“5 s-1) and KM-12 (1.0 
GPa, 10~6 s- ’) were both defonned at nominally 925 
°C (temperature measured at the middle of the sample 
see above) and neither contains silicate melt in the 
charge. KM-10 was deformed to 40% strain, and KM- 
12 was strained 10%. KM-24 was deformed at 940 JC

at 10-5 s~ 1 at 1.3 GPa to 27% strain with no silicate 
melt present. Deformation is distributed most perva
sively throughout this sample.

KM-12 represents the lowest degree of partial 
melting with <5 vol.% quench metallic liquid present. 
The sample was strained 10% and shows evidence of 
migration of liquid metal even in zones of low strain. 
Fe-Ni metal has been remobilized in the high strain 
zones, where there is also abundant evidence of vein
ing (Pig. la).

KM-10 represents low to moderate degree of par
tial melting (10 vol.%), showing quenched metal 
liquid located in high stress shear domains, and evi
dence of remobilized Fe-Ni metal. There is further
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evidence for cataclasis in the hottest portion of the 
charge (Fig. lb). Microveins seen in orthopyroxene 
are associated with small beads of FeS that appear to 
trace the migration of Fe-rich liquid metal within the 
deformation zones.

KM-24 also characterizes a low to moderate par
tial melting partial melting regime, with Fe-Ni and 
Fe-Ni-S quench occupying dilatant zones formed 
sub-parallel to the maximum compression direction 
(Fig. 1c). We regard this as a critical observation. In 
all experiments where silicate melt is absent, metal
lic liquid is observed in dilatant shear zones, along 
grain boundaries or in zones of hydrofracture. A key 
factor in the analysis that follows is that to a first 
approximation, the silicate matrix comprising a pla- 
netesimal is granular, with a stiffness that will 
evolve under shear according to a deviatoric evolu
tion rule [23]. For this study we thus focus on the 
initial shearing event, and associated pore pressure 
driving forces, which is one mechanism of liquid 
metal segregation.

3.1.2. Liquid metal/silicate melt
Experiments KM-11 and KM-17 contain silicate 

melt, and the observed textures are consistent with 
previous experiments where quench liquid metal in 
contact with silicate melt forms spherical beads

[18,24]. There is no evidence of cataclasis in the 
charges. Although shortening during deformation pro
duced a minimum of 10% strain, deformation was 
accommodated in regions dominated by silicate melt. 
Metal quench blebs range in size from several 
microns to large, 500 pm beads. Compositional data 
were collected on beads ranging in size from 50 to 
100 pm.

KM-17, deformed at 940 CC, 1.3 GPa and at 10-6 
s'1 contains a moderate (5-10 vol.%) fraction of 
silicate melt, and 15-20 vol.% quench metallic liquid. 
Metal-sulfide quench liquid is most common and 
forms beads in the silicate glass. There is textural 
evidence that silicate melt has accumulated at the 
sides of the capsule, which also evidence local dila- 
tional sites developed during deformation. The 
quenched liquid Fe-Ni-S ± FeNi spherical beads 
have not migrated and appear trapped in the silicate 
melt-crystal mush (Fig. Id).

KM-11 was deformed at 990 °C, 1.0 GPa and at 
10_ V 1 and strained by 15%. The sample contains 
15-18% silicate melt, but with local pockets of up 
to 40% by volume. Regions of the charge that 
contain high fractions of silicate liquid (>40 
vol.%) are depleted in metal as observed in pre
liminary experiments (KM-3, [18]). Sulfide quench 
texturally edges the metal grains, and many of the

Fig. 2. Siderophile abundances in deformation experiments normalized to Fe and H chondrite compositions using the values of [35]. Solid metal 
(solid lines) and associated quench Fe-S-Ni (dashed lines) are shown for most elements given in Table 1. In order of increasing degree of partial 
melting, filled and open diamonds are for K.M-12, filled and open circles are for KM-10, open triangle and cross are for KM-17 and filled and 
open squares are for KM-11.
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silicate phases contain metal droplets. Silicates have 
recrystallized in these zones, but without extensive 
cataclasis. No veining textures were observed in the 
silicate melt-bearing regions (Fig. le).

3.1.3. Silicate matrix—liquid metal reactions
Many of the experimental charges show micro- 

veining where modification of the silicate phase 
compositions is observed. These reaction veins are 
Fe-rich, and occur predominantly in matrix orthopyr
oxene. When analyzed, they contain fayalitic olivine 
[22,24] that is the product of a reaction between 
migrating Fe-Ni-S-O melts and host orthopyroxene. 
The reaction zones sometimes occur along grain 
boundaries, but are found mostly within individual 
grains (evidence of early cracking in the pyroxenes) 
according to the reaction,

MgSi03 + FeO = (MgFe)Si04 (1)

FeS blebs are also present in the reaction zones as 
likely remains of migrating liquid. We have also

Melt flow rate
(icr6 -10-5 m/s)

Porosity (n)

Fig. 4. Diagram showing the relationship between sulfur content (S 
wt.%) and porosity (liquid metal fraction, «). Highest S contents 
(i>30 wt.%) correlate with lowest porosities. The composition of 
solid metal residue and Fe-Ni—S metallic liquids changes during 
partial melting and segregation and the coupled variation between 
sulfur content in the metallic liquid at different melt fractions 
determines the partitioning behavior of siderophile elements during 
differentiation [Fig. 3, [25,26]l.

found sites where Fe-S-O rich quench liquids coexist 
with FeS. Although the breakdown of chromite might 
provide the FeO, chrome values are not enriched in 
Fe-olivine.

1000

Os Re Ir W Ge Ga As Au Co Ni Cu
Fig. 3. Plot of the D values (vertical axis) of siderophile elements measured in the KM experiments. Symbols for the experiments are the 
following: black diamonds are KM-12 and represent the lowest degree of partial melting (highest S content in metallic liquid), grey circles are 
KM-10 and open triangles are KM-17 and represent moderate degrees of partial melting, black squares are KM-11 and represent the highest 
degree of partial melting and lowest S content in the metallic liquid. The ordering of the elements is based on the value of the beta parameter in 
Chabot and Jones (2003) [34]. The elements are ordered from left to right according to decreasing beta value. The S content of the liquid metal 
decreases as a function of increasing melt fraction (n) and modifies siderophile element partitioning. These observations have also been made by 
[25,26],
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4. Geochemistry: melt fraction, sulfur and highly 
siderophile elements (HSE)

Compositions of the liquid metal fraction from the 
experiments were found to change markedly with 
respect to S content, as a function of degree of melting 
[25,26]. As a result, the partitioning of the highly 
siderophile elements between residual solid FeNi 
metal and liquid Fe-Ni-S varies. Fig. 2 is a plot 
showing measured HSE concentrations in four sam
ples (KM 10, 11, 12 and 17) in both solid metal 
residue and Fe-Ni-S quench metal. The siderophile 
data are ordered according to their compatibility in the 
solid metal-liquid metal system with the most com
patible (Os, Re and Ir) on the left [25]. The most 
striking difference between the compositions of 
quench and residue metal domains are the elevated 
S contents in the quench metal (dashed lines), and the 
strong relative enrichment in Ir and to a lesser extent 
Ge in the metal residue (solid lines). Previous KM-17 
data are given in [27] show good reproducibility here.

The important modifying effect of sulfur on the 
^sm/lm values for two samples, KM-12 and KM-11 
(Fig. 3), that bracket the experimental range in partial 
melting and measured S contents have been presented 
here and in Fig. 3 and Table 1. KM-12 has the 
highest measured sulfur quench compositions (32- 
36 wt.% S) and represents the lowest degree Fe-S- 
Ni partial melt at c. 5% melt fraction (porosity). KM- 
11 represents the lowest sulfur quench composition 
(7-10 wt .% S) and has undergone high degrees of 
partial melting at c. 30% melt fraction.

Clear differences exist in the data from high to 
low S content (Table 1, Fig. 3). Cu partitions into the 
S-bearing liquid under all conditions and DSM/LM 
range from 0.30 at high S contents to 0.55 at low S 
contents. Arsenic and Au switch from compatible to 
incompatible behavior as S content decreases in the 
liquid. Ir, Ge and Ga show large changes in D as a 
function of S, ranging from > 100 to approximately 
1.0 from high to low S contents, but remain compa
tible. W and Os also remain compatible. Both [25,26] 
and this study shows the influence of S on side
rophile partitioning. In this study we find with the 
high S content, low volume quench liquid. Dsm/lm 
values can be >200 for some highly siderophile 
measured (e.g., Ir) elements and £>sm/lm values clo
ser to 1 for the lowest S, high volume metallic

quench liquid (Table 1, Fig. 3). Fig. 4 summarizes 
the relationship between melt sulfur content in the 
quench metallic liquid, and the melt fraction (poros
ity), with highest S contents confined to the smallest 
melt fractions. This antithetic behavior provides an 
important link between the chemistry of the migrating 
metallic liquid and the matrix transport properties, 
and is discussed in more detail below.

5. Discussion

5.1. Coupling chemistry of core-forming liquids with 
segregation rates and regimes

In an important recent study, a set of static 
experiments on olivine-sulfide mixtures performed 
at high pressures and temperatures (3 GPa, 1200 
and 1300 C) used electrical conductivity to deter
mine whether or not metallic liquid was intercon
nected in the olivine matrix [12,13]. The 
experimental results showed that connectivity (by 
proxy, electrical conductivity) occurred at ~5 
vol.%. An important implication of this result is 
that planetesimals with radii greater than about 30 
km, the minimum size necessary to retain heat from

wt % S

g =0.1 m/s2

0.2 03
Porosity (n)

Fig. 5. Plot of porosity (melt fraction) versus melt velocity based on 
the porosity («) permeability (k) relationship in [13]. The buoyancy- 
driven average flow rate is calculated for metallic liquid of viscosity 
10-2 Pa s through a porous matrix, using Dp=density difference 
between metallic liquid and solid of 3500 kg m-3 and g-0.1 m/s2, 
corresponding to a planetesimal of 0.01 earth diameters. For com
parison, the flow rate for an earth-sized planet (g = 10 m/s2) is also 
shown. An increase in S content in the liquid metal of c. 5-30% 
corresponds with an order of magnitude decrease in average flow 
velocity (given fixed matrix transport and fluid properties).
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short-lived radioactive nuclei, may already have 
formed proto-cores before accreting to form larger 
terrestrial bodies. Building on this, we apply a 
modeling approach that makes predictions on segre
gation rates of metallic liquid during porous flow 
and strain-induced migration and couples the results 
with metallic liquid geochemistiy and highly side- 
rophile element partitioning behavior. We begin with 
estimates of the rate of Darcy flow (steady seepage) 
as a function of porosity, and then use the experi
mentally determined compositions of the liquid 
metal fraction to link major element and siderophile 
chemistry to flow rates.

5.2. Porous flow model

The movement of Fe alloy relative to the solid 
matrix at low to moderate melt fraction (e.g., Fig. 1) 
implies a chemical effect that can be investigated 
using tire permeability relationship described in [13]. 
Fig. 5 shows a plot of melt (Darcian) flow in velocity 
(m/s) against porosity (;?), using tire ID porosity- 
permeability relationship proposed [13]. The transport 
properties of the porous matrix depend str ongly on the 
penneability constant k [28], The results from sec
tioned run experiments given in [13] show melt con- 
fmed to isolated pockets and argue for a ID tube 
porosity-permeability relationship of the order 
10~H m2. An Fe-S liquid viscosity (//) of 1CT2 Pa 
s seems appropriate, based on recent experimental 
work by [29]. Two curves are shown that reflect 
different accelerations due to gravity, one for a plane- 
tesimal 1/100 the present day earth diameter, and for 
comparison a value close to the present day terrestrial 
gravity field. As expected, highest flow rates occur 
when the porosity is greatest, with velocities in excess 
of 10“6 m s-1 for /?>10% (g=0.1 m/s2). Super
imposed onto the porosity (melt fraction) axis is the 
range in measured S content in the quench metal, (Fig. 
4), along with an estimate of the present day sulfur 
value of the outer terrestrial core [30,31]. Plotting the 
data in this way allows some tentative statements to be 
made regarding the effect of melt fraction on flow rate 
and hence composition. For example, high flow rates 
correspond with low metallic liquid S contents, 
implying that if the matrix transport properties 
remain constant, then porous flow in this regime 
will deliver core-fonning melts that are relatively

low in sulfur. Conversely, low degrees of partial 
melting (low porosities n of <10%) will be more 
enriched in S, but move at a slower rate. Taking as 
a reference length scale a 100 km diameter body as 
modeled previously by [13], the timescales of liquid 
transport from the surface are c. 3 X 103 yr for an S 
content of 30 wt.% (« = 0.05), and -100 yr for an S 
content of 5 wt.% («=0.30). In passing we note that 
the present day sulfur content of the Earth’s outer core 
is most recently estimated to be 0.5-1.5% [31]. 
Assuming an order of magnitude uncertainty in this 
estimate, a migrating Fe-metal alloy with a present 
day outer core sulfur composition would be trans
ported through a 100 km deep mantle by uninter
rupted porous flow in less than 103 yr.

By combining the S content-porosity relationship 
with the highly siderophile element (HSE) partition
ing data, it is possible to make some further state
ments regarding HSE geochemical behavior during 
metallic liquid segregation. At relatively slow flow 
rates (0,05<«<0.1), the associated liquids will have 
lower Fe metal content and high sulfur contents with 
high Dsm/lm values (Dsm/lm values are >200 for 
measured Ir and Ge, Fig. 4, Table 1). Although an 
increase in S will act to lower the metallic liquid 
viscosity, this compositional effect is small (order of 
a few percent) compared with changes in temperature 
[32]. As the porosity increases, so does the flow rate 
and for melt fractions in excess of 30% (e.g., S 
wt%< 10), Dsm/lm values are of the order of unity 
(Fig. 4, Table 1) This effect is significant to the extent 
that depending upon the local liquid metal flow rate, 
some HSEs may switch between compatible and 
incompatible behavior. Indeed, this effect may be as 
important as changing redox conditions in locally 
detennining the siderophile content of core fonning 
liquids.

A geochemical record of the sulfur content of the 
percolating liquid maybe preserved during core seg
regation. For example, at high sulfur contents, a sub
stantial fraction of residual solid metal remains in the 
mantle and will control HSE abundances there [33]. 
By using partition coefficients from the parametriza- 
tion of Chabot and Jones [34] we have calculated the 
residual metal HSE abundances in equilibrium with 
liquids of variable sulfur content. We have taken H 
chondrite FISE abundances as representative, and cal
culated the metallic liquid composition by assigning
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Fig. 6. a) Plot of the concentrations in solid residual metal normal
ized to Cl chondrites for metals residual from an H chondrite liquid 
metal using the Chabot-Jones model for siderophile element parti
tioning [34] Shown above are the siderophile element patterns for 
residual metals formed by partial melt removal from an H6 chon
drite, as a function of S content from S=0-14 wt.% in 2% incre
ments (thin dark lines). The siderophile element patterns for average 
H chondrite (dotted line), and for the inferred liquid metal (thick 
dark line) are also shown. Elements are grouped into the highly 
siderophile (Os-Au), and the moderately siderophiles (Ni-Ge). As 
expected, the abundances of Os, Re and Ir in residual metal increase 
with increasing S content of the liquid. We have found no natural 
data against which to compare the model for an H chondrite 
composition. Note the low abundances of incompatible Pd, Au 
and As in the metal, b) Plot of the concentrations in liquid metal, 
complementary to Fig 6a. PGE abundances in the Earth’s upper 
mantle (solid symbols) are compared with estimated PGE abun
dances in the Earth’s Bulk Core (upper dashed line), and outer core 
liquid after removal of 5% solid inner core (upper dotted line). The 
PGE abundances for model core compositions are from [47], 
Admixtures of 1% and 0.1% outer core into the upper mantle, 
assumed to be initially devoid of PGEs, are shown as dashed 
(undifferentiated bulk core) or dotted (differentiated outer core) 
lines. A 30% error bar is shown on the upper mantle PGE abun
dances, which was a minimum error estimated by [30]. This figure 
shows that admixture of 0.1-0.2% outer core could account for the 
siderophile element pattern of the Earth’s upper mantle.

all FeS, and the amount of Fe (and all Ni) present as 
metal, to the melt [35,36], The sulfur content of such a 
liquid is about 8.5%, and the residual metal in equili
brium with such a liquid is shown in Fig. 6. We have 
then considered the effect of variable sulfur and show 
the residual metal composition for 0-14% S in the 
liquid (Fig. 6a). The recovery of such a siderophile 
element pattern in an achondrite would be strong 
evidence of the presence of residual metal in that 
planetesimal’s mantle [see also 37].

5.3. Shear-enhanced melt segregation

As shown by the Kemouve deformation experi
ments (Fig, la-e), under pure shear the rock matrix 
passes through a (pre-failure) regime characterized by 
dilatant behavior. It has long been known that granular 
materials undergoing pure shear [38] will produce a 
volume change between granular domains that results 
in regions of low (excess) pressure in openings 
between domains that draws in surrounding fluid 
(metallic liquid in this case, see Fig. 1c). The magni
tude of the excess pore pressure, defined as the dif
ference between the fluid pressure minus the 
hydrostatic pressure, will help drive melt segregation.

Recently, a model of melt segregation during 
matrix shear based on Biot’s general theory of con
solidation [39], modified to take into account the 
coupling between volume strain and shear stress has 
been developed that is relevant to the problem of melt 
extraction outlined above [23,40,41], The dilatant 
effect produced in the deformation experiments can 
be captured mathematically as a function of applied 
shear stress rate according to:

(2)

where p is the excess pore pressure (Pa), c is the shear 
rate, /? is a non-dimensional constant of 1 and aj is the 
stiffness of the matrix (Pa). The permeability is 
assumed to be constant (k^k0), and depends on the 
granular length scale d, melt viscosity t) and melt 
fraction (porosity). Eq. (2) can be solved analytically 
to yield explicit expressions for the excess pore fluid 
pressure (Fig. 7) and, most importantly, the local fluid 
(Fe-rich liquid metal) flow rate {dp/‘dy)k. It is impor
tant to note that as the model is phrased in terms of 
shear strain rates, then the fluid flow velocity is
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Fig. 7. Plot of calculated maximum excess pore pressure as a function of strain rate for three initial porosities (melt fractions) of 10%, 20% and 
30% and a fixed melt viscosity of 10~2 Pa s [29], Vertical ruled line is the strain rate used in the accompanying deformation experiments of the 
Kemouve chondrite and implies a conservative estimate of maximum excess pore pressures of 1 bar to 1 MPa, depending upon the initial 
porosity. The result shows the strong effect of strain rate on excess pore pressure, with maximum estimated values in excess of 1 GPa for strain 
rates >c. 10 J s *. Very high instantaneous pressures (up to I012 GPa) are predicted to accompany friction-induced melting in planetesimal 
bodies due to hypervelocity impacts [42]. Values in italics indicate the range where the ratio of maximum excess pore pressure approaches the 
matrix strength.

largely independent of intensive melt properties. the interval 10“10 s“1 to 10_5 s“chosen to overlap 
Order of magnitude estimates of the flow rate result- with the experimental range, but also extended to
ing from shearing are calculated for strain rates (<?) in faster rates of >10~3 s_1, typical of high velocity

High strain impact events

Darcy flow to 
ns0.3 S

Background

10'8 10*7 10-6 10'5 10-4 10’3 10'2 101 10° 101 102 
Veiocity (m s*1)

Fig. 8. Calculated Fe metal liquid flow velocities versus strain rate (e) in a deforming porous media. Estimates of flow based on Darcy’s law for 
porosities up to 0.3 are shown for comparison (boxed region) and define a maximum velocity of 10“ 5 m s-1 corresponding to deformation- 
enhanced melt flow velocities at strain rates <10_* s~’. Hypervelocity impacts induce loading rates of c. 10“ '-lO0 s~ \ with predicted melt 
flow velocities > 1 m/s.
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impact loading [42]. A summary of the buoyancy 
driven and shear-induced segregation regimes is 
shown in Fig. 8, where the range in predicted flow 
velocities is plotted as a function of strain rate. It is 
apparent that maximum average velocity range esti
mates based on creeping flow of c. 10“5 m s-1 
correspond to deformation-enhanced melt flow velo
cities at strain rates below c. 10“8 s-1 only. By 
comparison, predicted flow rates in the range of 
laboratory deformation experiments are much faster, 
of the order 10-3 to 10-2 m s_l.

Despite this, by far the quickest way to transport 
liquid Fe-metal through a planetary interior is the rain
ing mechanism proposed by Stevenson [1], where the 
host material is a low viscosity fluid (magma ocean). 
However, and as noted previously by [1], diapiric 
transport of liquid metal through a viscous (solid or 
semi-solid silicate mantle) is effectively inhibited for 
country rock viscosities >1018 Pa s. In addition, the 
presence of silicate melt can trap percolating liquid 
metal because of the high surface energy between 
liquid metal and silicate melt [13]. Thus, as the 
embryonic planet cools, migration of metallic liquid 
through a deforming partially molten silicate frame
work could become the dominant core-forming liquid 
metal transport mechanism. During the early raining 
stage, migrating metal is likely to be in chemical 
equilibration with surrounding mantle material [43]. 
However, during the latter stages of accretion and core 
formation, we envisage a situation where remaining 
metallic liquids with a range of S contents are trans
ported rapidly implying core forming liquids with 
different S contents can migrate quickly and concur
rently to planetary interiors depending upon the trans
port properties and available melt fraction. Because the 
coupled variation between sulfur content and melt 
fraction wilt strongly influence the partitioning beha
vior of siderophile elements during differentiation, in 
principle the geochemistry may be used to determine 
the prevailing segregation regime. However, we do not 
yet know how sensitive the metallic liquid composi
tion is to pore pressure changes during these different 
deformation events. Although we observe equilibrium 
partitioning at the experimental deformation strain 
rates, very rapid segregation by porous flow during 
the latter stages of accretion may not allow for full 
equilibrium between percolating liquid metal and sili
cate matrix.

5.4. Return flow of liquid core metal back into a 
differentiating mantle?

The mechanical model of melt segregation outlined 
above opens up a novel way of locally transporting a 
more dense fluid upwards into an overlying layer of 
lower density [41], provided a critical strain rate 
threshold is reached. This threshold for rock with a 
shear modulus of the order 300 GPa is c. 10-10 s- ^ 
Suppose that towards the end of planetesimal accre
tion, a reservoir of liquid core metal resides in its 
center. If the body, now assumed mostly solid, is 
subject to external deformation by a high velocity 
impact capable of bringing about an abrupt change 
in angular momentum of the mantle [e.g., 44], the 
imposed shear stress at the core-mantle boundary may 
be sufficient to promote dilatancy, allowing core melt 
to be drawn back up into the overlying mantle in a 
way similar to that proposed recently for the “D” 
region [45]. Shearing stresses are, of course, poten
tially important at any stage in the development of 
planetary bodies. However, our deformation model of 
return flow requires a mostly solid (>50%) planetary 
interior at time of impact, implying that the effect will 
work best during the later stages of accretion, where 
conditions are cool enough for a significant portion of 
the planetary mantle to have crystallized. This is the 
situation envisaged in Fig. 8.

Recently Drake and Righter [46] estimated the 
mass of material required to produce the mantle 
siderophile element abundances characteristic of the 
Tate veneer’ (10-3 x Cl carbonaceous chondrite) at 
c. 1022 kg. Taking an Earth-sized planet as an 
example, and assuming a modest deformation 
induced strain rate of c. 10_ 3 s_ 1 at the core-mantle 
boundary (note according to [41] the surface strain 
rate would lie in the range 105-108 s-1 for an 
impactor of c. 1015 kg), the order of magnitude 
mass flux of core material across the CMB due to 
dilatancy is c. 1019 kg s_l. It is thus possible in 
principle for a single impact to deliver a mass of 
core material equivalent to that of the late veneer 
into the overlying mantle on the order of 300 s. 
Note that unlike the late veneer model, our proposed 
mechanism is not contingent upon impactor compo
sition, so that the precise value of impactor mass is 
not directly relevant (it could for example be a 
comet). Instead the governing variable is the strain
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rate gradient, which for an Earth-sized planet should 
be of order 100 m-Perhaps a more likely scenario 
involves a rapid succession of smaller impacts, 
whose time integrated strain rate would provide a

pseudo-constant loading rate. In this case, the cumu
lative effect could produce the same result (return 
flow of core material to the mantle) over a longer 
time period.

Late stage 
evolution

IMPACT

High strain

Impact melting

Strain rate 
gradient Proto mantle

Core metal flux

Dilation Dilation

LIQUID OUTER CORE
(by raining, diapirs / percolation)

POST-IMPACT
Crater and impact melt

Stress relaxation

(a) core metal 
sinks back again 
if droplets r> rc

(b) core metal 
trapped by surface 
tension r<r.

Subsequent mixing 
and dispersal 
produces ‘late veneer’

Enriched 
in Fe, HSE

LIQUID OUTER CORE
Fig. 9. Cartoon summarizing the two-stage transport mechanism for upwelling core material during the final stages of planetary accretion, a) 
Impact stage: a surface impact results in shearing stresses that promotes a dilatant effect in the silicate mantle and CMB region. Outer core liquid 
metal, enriched in siderophile elements is drawn rapidly upwards across the boundary into lower mantle at a rate proportional to the loading 
time, b) post impact stage: follow ing stress relaxation, core metal may sink back into core if gravitationally unstable (e.g.. drops exceed a critical 
radius rc), or remained trapped in situ (r<rc) due to surface tension effects [14], see also Fig. Id. Over time, successive episodes of surface 
impact “ deep shearing" core liquid upwelling, followed by mixing and dispersal of entrained F1SE elements, results in a distinctive FISE mantle 
signature (late veneer).
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Significantly, the impact model outlined above can 
be tested geochemically. The Earth’s mantle has a side- 
rophile element pattern where the abundances of the 
platinum group elements (PGEs: Os, Ir, Ru, Pt and Pd), 
Re and Au are more depleted than that of any other 
siderophile element. Nonetheless, these elements occur 
in chondritic relative proportions [46]. The abundances 
of the PGEs, Re and Au are usually explained in terms 
of a late chondritic “veneer” accreting after core forma
tion had removed nearly all the HSEs from the mantle
[47] . For the Earth’s mantle, this explanation is no 
longer extended to other siderophile elements (moder
ately siderophile elements), such as Co, Ni, Mo, W, 
etc., the mantle abundances of which are now thought 
to have resulted from high P-Tequilibration at the base 
of a magma ocean [46,48]. Thus, the elemental abun
dances most sensitive to return flow of outer core 
material are the PGEs, Au and Re. In Fig. 6b, we 
show the abundances of the PGEs with minimum errors 
of 30% as indicated by [31], along with a recent esti
mate of the PGE composition of the Earth’s bulk core
[48] . The bulk core composition is calculated assuming 
a Cl relative pattern of each of the PGEs. A liquid outer 
core composition after segregation of about 5% solid 
Fe to form the inner core is also shown in Fig. 6b. 
Palladium is modestly enriched, while Os and Ir are 
depleted in the outer core. We have then calculated the 
PGE pattern of mantle that has had either 1% or 0.1% 
outer core admixture, using both undifferentiated (i.e., 
bulk) core and differentiated outer core, and assuming 
that the PGE abundances in the silicate mantle were 
negligible prior to the admixture. Given that the outer 
core has an approximately chondritic PGE pattern, 
return flow of about 0.1-0.2% liquid outer core pro
vides a satisfactory explanation of the upper mantle 
PGE pattern without the need for invoking a late chon
dritic veneer. Such a return flow may have occurred 
during the entire early accretionary history of the Earth 
(4.56-4.45?), and satisfies the constraint imposed on 
mixing timescales of Re and Os by Bennett [49] that 
mantle Re/Os ratios were homogenized by 3.8 Ga.

Clearly, there is much in these arguments that is 
speculative, not least the assumptions made regarding 
stress propagation during impact in relation to core 
formation processes. Nonetheless, applied to the Earth 
it raises the intriguing possibility that at least some of 
the iate veneer’ component may result from return 
flow of siderophile elements across the CMB, trig

gered by external impacts with subsequent mixing and 
dispersal in the overlying mantle (Fig. 9).

6. Summary

We have investigated experimentally the relation
ship between melt fraction, liquid metal composition 
and physical deformation textures in the Kemouve 
ordinary chondrite that provides insight into the liquid 
metal segregation mechanism and associated liquid 
metallic composition. Deformation textures show that 
dilatancy is a common pre-failure phenomenon in the 
silicate matrix. Siderophile element concentrations and 
associated partition coefficients in both Fe-S-Ni-O 
quench and Fe- Ni metal as a function of degree of 
melting show that the S content in the segregated Fe- 
metal liquid decreases with increasing degree of melt
ing, while the siderophile elements become more 
incompatible the higher the S content in the Fe liquid. 
We argue that the style of fluid dynamical instability 
responsible for driving core-metal transport during 
planetesimal accretion changes with time, from early 
diapirism to late stage porous media flow with loca
lized shear induced dilatancy. If true, these temporal 
changes in transport phenomena should be reflected in 
the major element and siderophile composition of the 
Fe-liquid phase being delivered to the growing core. 
These chemical signatures are expected to vary accord
ing to initial parent body composition, segregation 
mechanisms and the degree to which early S-rich, 
and possibly O-rich, core-forming liquids are 
extracted. The relationship between melt fraction and 
porosity is used to compare the migration rate of liquid 
metal driven by buoyancy pressure gradients with a 
new theoretical model of melt segregation in a deform
ing porous medium that takes into account the coupling 
between volume strain (dilatancy) and shear stress. 
Predicted characteristic timescales of Fe-liquid metal 
transport due to buoyancy effects (diapirism and por
ous flow) for a 100 km-sized planetesimal are < 104 yr 
given constant matrix transport properties. During the 
latter (impact) stage of accretion that is likely to favor 
shear-enhanced melt flow, it is feasible that existing 
core material may be transported locally upwards back 
into the silicate proto-mantle, providing a way of 
imparting a late-stage siderophile imprint that is analo
gous to the late veneer. Our geochemical modeling for
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the Earth has shown that the approximately chondritic 
relative abundances of PGEs in the upper mantle can be 
explained by about 0.1-0.2% admixture of bulk core 
liquid, without the need to invoke a late chondritic 
veneer.
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Dyke widths and ascent rates of silicic magmas 
on Venus
Nick Petford

ABSTRACT: The ascent of silicic magmas in dykes and diapirs on Venus is investigated using 
magma transport models for granitic melts on Earth. For fixed planetary thermal and melt 
properties, differences in critical minimum dyke widths, and hence magma ascent rates, are 
controlled by gravitational strength alone. For density contrasts of 200-600 kg/m3 and a solidus 
temperature of 1023K, minimum critical dyke widths (wc) on Venus range from c. < 1-1200 m for 
a transport distance of 20 km. Dyke widths are especially sensitive to small changes in the far-held 
lithospheric temperature at values close to a critical Stefan number (Soo^,) of 0-83 where dyke 
magma temperatures are equal to the mean surface temperature. Typical magma ascent rates range 
from 0-02 m/s {r]m = 105 Pa s) to 10 9 m/s (j]m = 1017 Pa s) giving transport times of between 
12 days and c. 105 years. Dyke ascent velocities for highly viscous melts are compared with 
diapiric rise of a hot Stokes body of radius comparable with the pancake dome average (c. 12 km), 
and require dyke widths of the order of 100 times the average width of low viscosity flows to 
prevent freezing. In both cases, magma flow is characterised by Peclet numbers between 1 and 4, 
although even at high viscosities (>1014Pas), dyke ascent is still 100 to 1000 times faster than 
diapiric rise. At a melt viscosity of 1017Pas, critical dyke widths are between c. 1% and 5% the 
diameter of an average width pancake dome on Venus, indicating that even for extreme melt 
viscosities, domes can easily be fed by dykes. Given the abundance of dome structures and 
associated surface features related to hyperbasal magmatism, batholithic volumes of silicic rocks 
may be present on Venus. Intermediate to high silica melts formed by partial melting of the 
Venusian crust should be compositionally more akin to Na-rich terrestrial adakites and 
trondhjemites than calc-alkaline dacites or rhyolites.

KEY WORDS: critical minimum widths, domes, granites, Venus

Despite their similar size, mass, density and overall composi
tion, Venus and Earth are geologically very different worlds. 
Sixty per cent of the surface of Venus is a flat plain to within 
±lTkm (Fig. 1), and although two highland areas (Ishtar 
and Aphrodite Terra) in the northern and southern hemi
spheres are analogous in topographic style to terrestrial 
continents, they do not appear to be of granitic compo
sition (Surkov et al. 1983). Data from the Magellan mission 
(Saunders et al. 1992) confirm that the surface of Venus is 
made up of a single lithospheric plate, and low cratering densi
ties imply that a sudden (possibly catastrophic) resurfacing 
event occurred between 500 Ma and 300 Ma. Unlike Earth, 
the Venusian crust appears to be entirely basaltic, and although 
of similar mean thickness (c. 30 km) it is essentially dry (atmos
pheric H20 <0-01%). Surface atmospheric pressure is 90 times 
that of the Earth (9-8 MPa) with a mean surface temperature of 
c. 723 K (450 QC).

On Earth, most of the heat transfer from the mantle takes 
place at mid ocean ridges, with plate tectonics accounting for 
75% of surface heat loss (Sclater et al. 1980). The lack of 
plate motions on Venus means that internally generated heat 
must be lost by other means. Despite similar K/U ratios, sur
face heat flow on Venus is about half the estimated internal 
heat production rate (c. 40 mW m-2), suggesting that while 
the Earth is cooling down, Venus is in effect heating up 
(Nimmo & McKenzie 1998). Given the lack of current plate 
tectonic activity, the majority of volcanic processes that have 
occurred on Venus are thought to be related to plume activity 
(e.g. Kiefer & Hager 1991; Nimmo & McKenzie 1996). Many 
of the surface features revealed by the Magellan synthetic 
aperture radar (SAR) survey of Venus in the early 1990s are

volcanic in origin, including flows and extensive dyke swarms 
(Head et al. 1991), although some of the most striking features 
(without terrestrial counterparts) include large circular objects 
known as coronae (Stofan & Head 1990) that may be the 
surface expressions of plutonic intrusive activity.

This note is concerned with the magma ascent processes that 
led to the formation of the pancake dome structures described 
in detail by Pavri et al. (1992) and McKenzie et al. (1992a). Its 
relevance to the terrestrial granite community is that from 
analysis of dome shape, fracture patterns and radar scattering 
properties (Ford 1994), these pancake domes are regarded as 
rhyolitic in composition, analogous to dacite domes on Earth 
(Head et al. 1991). If true, this is a significant result, and implies 
that planets other than the Earth are capable of producing high 
silica composition melts in the absence of subduction and plate 
tectonics. It also raises the intriguing possibility that granitic 
plutons may be present at depth in the Venusian crust.

1. Rhyolite magmas on Venus?

Pavri et al. (1992) report 145 domes on Venus with diameters 
ranging from 6-4 km to 84-2 km and heights of 120 m to 
several km (Fig. 2). Their mean diameter is 23-8 km, with 
volumes of <25—3400 km3. Their circular nature and steep 
margins have led some authors to propose that they crystallised 
from silicic magmas (Si02> 60 wt.%) with viscositites in the 
range 1014-1017Pas at temperatures of between 610 °C and 
700 °C (e.g. McKenzie et al. 1992a). Other indirect evidence 
for high silica magmas includes unusual festoon-type lava
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Figure 1 Composite hemispheric view of Venus centred at 0° E longitude (effective resolution about 3 km) 
colour-coded to represent elevation from red (highest) to blue (lowest); an orthographic projection was used, 
with gaps in the elevation data from the Magellan radar altimeter filled with altimetry from the Venera spacecraft, 
the U.S. Pioneer Venus missions and the Earth-based Arecibo radar; box marks the location of the Alpha Regio 
region (image by courtesy of: NASA/JPL).

Figure 2 Magellan image showing seven pancake domes on Tinatin Planita, a plain located to the E of Alpha 
Regio (30°S, 118°E); the pancakes have an average diameter of 25km and maximum heights of 750m; 
the domes appear similar to dacitic volcanic domes on Earth; N is at the top of the image; horizontal scale 
approximately 300 km.
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Figure 3 Three-dimensional perspective view of the surface of a portion of the eastern edge of Alpha Regio (30°S, 
118°E) at an elevation of 24 km; view is to the NE and centred on the pancake domes shown in Figure 2; three 
domes are visible, with fractures on the surrounding plains both older and younger than the domes; the concentric 
and radial fracture patterns suggest that a chilled outer layer formed, with further intrusion stretching the surface 
outwards during in-situ expansion; an alternative interpretation is that domes result from shallow (diapiric?) intru
sions causing the surface to rise; if intrusive, magma withdrawal near the end of the eruptions may have produced 
the fractures; resolution of the Magellan data is about 120 m; the simulated hues are based on colour images 
recorded by the Soviet Venera 13 and 14 spacecraft (image by courtesy of: JPL Multimission Image Processing 
Laboratory, E. Jong, J. Hall, M. McAuley, R. Kirk, USGS, 1991).

flows (Head et al. 1992). Domes occur most commonly as 
single, isolated structures, but are also found in pairs, groups 
or clusters, some of which may overlap (intrude) one another. 
They are commonly associated with coronae, suggesting a 
link between the domes and larger upwellings of (granitic?) 
magma. A well-studied cluster of seven domes occurs 
c. 150 km SE of the upland region Alpha Regio (Figs 2 
and 3). While the global distribution of domes is even with lati
tude, they show a modest dependence on altitude, clustering 
close to the mean planetary radius (Fig. 4). Pavri et al. (1992) 
have classified the domes into seven categories based on their

1 1 I I I 1 I I l frill -L.i 1 1 i I 1 I

Atalanta Planitia

*
»• • ir •
V.* V . *

• & *w Alta Regio: •
Aphrodite Terra •

• . •*

*
Beta Regio

• V \

' ® Themis 
Regio f

“i i i i i i i i | i I—i—i—i—i—i—i—|—i—r 

180
longitude

l I I I | I I I I I I I I

270 360

Figure 4 Distribution of dome structures on Venus (from Pavri et al. 
1992).

general morphology, surface features and internal fracture 
patterns, with bowl-shapes (class 1) and flat-topped varieties 
(class 11) the most common.

Steep-sided volcanic domes on Earth generally result from 
the cooling and crystallisation of relatively viscous, silicic 
magmas. Experimental work by Fink et al. (1993) suggests 
that the pancake domes are made up from multiple pulses of 
high-viscosity magma, and note also that on Earth, this type 
of dome growth is exclusive to dacitic and rhyolitic lavas. 
Despite their circular outcrop pattern, the domes are regarded 
as having been fed by linear dykes or fissures (Pavri et al. 1992; 
McKenzie et al. 1992a), similar again to many dacite domes 
on Earth (e.g. Miller 1985). Given this, the following section 
examines the theoretical range of dyke widths required to 
feed the domes with magma as a function of the local tempera
ture distribution in the vicinity of the dyke and the physical 
properties of the ascending melt.

2. Estimating critical minimum dyke widths: initial 
conditions and assumptions

Despite differences in the thermal structures of the interiors of 
the terrestrial planets, the thermal diffusivities of silicates are 
mostly independent of composition, meaning that conductive 
heat transfer processes will take place at the same rate. This 
fact allows direct comparison of critical dyke widths on Earth 
and other planets (e.g. Wilson & Head 1994). In the analysis 
that follows, it is assumed that the dyke/fissure already exists, 
or has been created by some mechanical processes (e.g. hydro
fracturing) related to magmatic activity within the lithosphere. 
Important mechanical constraints on the magma ascent 
process, including the strength of the lithosphere with depth
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and potential rheological barriers to magma ascent (brittle- 
ductile transitions) are for the present ignored, but will be 
discussed in detail elsewhere.

Magma ascent takes place primarily due to buoyancy differ
ences between magma and surrounding lithospheric rock (e.g. 
Turcotte 1987; Lister & Kerr 1991). Viscous channel flow in a 
tabular fissure is given by:

q= f u(y)dy (1)
J-»/2

where u is the fluid velocity in y and w is the fissure (dyke) 
width. For laminar (low Re Number) flow of Newtonian 
melt, the average fluid velocity is proportional to the square 
of the dyke width. Thus the highest flow velocities will occur 
in dykes with the greatest minimum critical width (wc). This 
value represents a lower limit below which magma in the 
dyke will cool rapidly and solidify, preventing further flow 
through the fissure. Due to uncertainties in the density varia
tion in the Venusian lithosphere, dyke widths were investigated 
over a range of density contrasts from 200 kg/m3 to 600 kg/m3. 
Internal temperature effects were estimated from a sensitivity 
analysis of the Stefan number approximation (S^) on wc. 
Melt viscosity is constrained by the available volatile budget 
in the Venusian lithosphere, estimated at a maximum of 
4 wt.% by Head & Wilson (1986), based on the lack of recent 
surface evidence (< 500 Ma) for explosive volcanism. Follow
ing Pavri et al. (1992). the preferred crystal-free melt viscosity 
is 105Pas, also a typical value for terrestrial dacites with 
4 wt.% H2O (e.g. Clemens & Petford 1999). Other environ
mental factors that have a bearing on the style of volcanism 
and associated high-level magmatism include the high surface 
temperature (erupted lavas will cool more slowly than on 
Earth) and the elevated atmospheric pressure that prevents 
exsolution of volatiles (Bridges 1997). The combined effect is 
likely to keep the viscosities of Venusian lavas lower than 
those of their terrestrial counterparts during the initial stages 
of emplacement (e.g. Head & Wilson 1986).

From Petford et al. (1993), the relationship between the 
minimum critical dyke width (wc) and buoyancy forces driving 
magma ascent is:

<2)

where Soc and Sm are Stefan number approximations relating 
specific and latent heats (c and L) to initial and magma freezing

T/=1023K

Tm (0C)

Figure 5 Plot showing the relationship between the Stefan number 
(Soo) and the far-field (T^).

Table 1 Values and parameters used to model magma ascent

Symbol Meaning Unit/Value

c specific heat capacity 1200 J/kg
d depth 24 km
L latent heat of fusion 3 x 105 J/kg
wc minimum critical width m
Q heat flux1 mWm2
H vertical transport distance 20 km
R.r mean dome diameter 24 km
g acceleration due to gravity m/s2
t ascent time s

melt density2 2200 kg/m3
Pl lithospheric density2 2800 kg/m3
Toe far field temperature

Stefan number
973-573 K

Tf
Ti

rhyolite sohdus 1023 K (750 °C)
rhyolite liquidus 1173 K (900 °C)

u average velocity m/s
K thermal diffusivity 8 x 10“7 m2/s
rim melt viscosity 104-1017 N/m2
riL lithosphere viscosity1 1021 N/m2
Ap density contrast 200-600 kg/m3

1 Nimmo & McKenzie 1998
2 Pavri et al. 1992

temperatures (T, and 7/) and the far-field lithospheric tempera
ture (Too). In this study, the relevant Stefan number is:

s“ = [c(r/-r»)]' <3)

Note that when Tf = ends in a singularity and returns
negative values where, > Tf (Fig. 5). A limiting (critical) 
Stefan number Soocnv of 0-833 is returned for the special case 
where = 450 °C (the surface temperature of Venus). 
Relevant values and thermomechanical properties used to 
estimate the range of dyke widths and magma ascent velocities 
are given in Table 1.

3. Results
Where other environmental factors are equal gravity exerts the 
controlling influence on planetary dyke widths (e.g. Wilson & 
Parfitt 1990). This is seen in Figure 6, where critical dyke 
widths for Venus (and Mars) are shown for comparison. The 
widths vary by less than 2% between Earth and Venus, due 
to similar values of surface gravity (9-78 m/s2 and 8-60 m/s2 
respectively). The smaller acceleration due to gravity at the 
surface of Mars (3-72 m/s2) results in significantly longer dyke 
widths and, where dykes vent to the surface, correspondingly 
higher effusion rates (Wilson & Head 1994).

The relationship between wc, density contrast and tempera
ture is shown in Figure 7 for a Venusian dyke assuming a 
fixed melt viscosity (r;m) of 105Pas. Three curves are shown, 
each corresponding to a Ap of 200 kg/m3, 400 kg/m3 and 
600 kg/m3 over the far-field temperature interval 673-973 K. 
As expected, wc decreases with increasing ambient temperature 
(Petford et al. 1993) while the condition u(xw2c requires ascent 
velocities to decrease accordingly. The surface temperature 
provides an important thermal constraint on permissible dyke 
widths and hence magma ascent rates, and only far-field 
temperatures in excess of are considered further. For a 
fixed magma freezing temperature (1023 K), and the maximum 
estimated density contrast of 600 kg/m3, the minimum critical 
dyke width is 2-2 m. The average flow velocity is 0 02 m/s. 
Lower density contrasts require wider dykes if flow is to con
tinue without freezing, while the competing effect of increasing
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Figure 6 Minimum critical dyke widths for Venus and Mars (normal
ised to Earth); widths vary by less than 2% between Earth and Venus.

temperature is to narrow the conduit width. Although decreas
ing the driving pressure from 600 kg/m3 to 200 kg/m3 must be 
offset by an increase in wc, the overall effect on flow rates 
may be small if the ambient lithospheric temperature (T^) is 
high in the vicinity of the dyke. For example, the maximum 
critical minimum width of 2-84 m (Ap = 200 kg/m3, 
7,00 = 723K) translates to an ascent velocity of 0-012 m/s. 
Increasing Ap to 600 kg/m3 at the same increases the flow 
rate by a factor of c. 1-7. McKenzie et al. (1992a) estimate 
the depth of the source region for the rhyolite magmas at 
>14km. Converting these velocities into ascent times, and 
taking H as 20 km, gives melt transport times of between 
11-5 days and 20 days. In summary, critical minimum dyke 
widths are more sensitive to changes in buoyancy forces at 
lower (far-field) temperatures, where wider dyke widths result 
in higher magma ascent velocities. As the far-field temperature 
increases, dyke widths, and hence flow rates, are reduced, and 
density effects become minimal.

Figure 8 shows the effect of changing density contrast (at a 
fixed melt viscosity of 105Pas) on minimum dyke width.

Over most of the temperature interval investigated, wc, remains 
constant at c. < 1 m However, there is a rapid increase in mini
mum dyke widths at temperatures approaching 3^^,. For 
example, the value of wc increases by 80% over a drop in 
from 1-5 to 0-83 (7^ 580-450 °C). A physical interpretation 
requires that dykes become rapidly much wider at depths 
close, to the surface.

The effect of varying melt viscosity at fixed density contrast 
(Ap = 600 kg/m3) as a function of crustal temperature is shown 
in Figure 9. The critical minimum dyke width is much more 
sensitive to changes in melt viscosity than density contrast for 
a given far-field temperature (cf. Fig. 8). Thus, while decreasing 
temperature has a relatively small effect on wc for low melt 
viscosities (^ 106Pas), temperature effects become much more 
pronounced where melt viscosity exceeds 106Pas. As with den
sity effects, a rapid increase in dyke widths occurs at values 
close to Scocrj,, with values in wc more than doubling in the 
region 0 83 < Soo < 1-5.

At extreme melt viscosities, wc must become large if flow is to 
proceed without cooling. Taking the viscosity estimate of 
McKenzie et al. (1992a) of 1014-1017Pas recovered from 
their analysis of dome shape, and applying a fixed of T5 
(corresponding to a far-field temperature of 580 °C), magma 
ascent velocities are of the order of 10_7-10_9m/s (Fig. 10a), 
with critical minimum dyke widths mostly in excess of 200 m 
over the viscosity interval (Fig. 10b). Magma transport times 
(// = 20km) range c. 6 x 103 to 3-5 x 105 years, 105-106 
times slower than for the small viscosity flows discussed earlier. 
These values approach those estimated for terrestrial diapiric 
ascent (e.g. Mahon et al. 1988; Weinberg & Podladchikov 
1994; Petford 1996). For the maximum melt viscosity of 
101' Pa s (Ap = 600 kg/m3), wc = c. 1200 m, approximately 5% 
of the average dome width.

In summary, melt viscosity appears to be more important 
than either density contrast or the local temperature field in 
controlling dyke ascent velocities and magma transport rates. 
The range in estimated dyke widths of < 3 m to c. 1 km are 
smaller than the widths of the bright linear features on Venus 
but consistent with measurements from terrestrial dyke 
swarms (c. 30-250 m, Fahrig 1987). The indicative range in 
estimated magma ascent rates as a function of varying melt

673 K

— zip = 200
------- zip = 400

973 K zip = 600

velocity (m/s)

Figure 7 Plot showing the relationship between critical minimum 
dyke width and average flow velocity as a function of local (far-field) 
temperature (max 973 K) and density contrast (Ap); melt viscosity 
is fixed at 105 Pa s; the critical Stefan number cri, corresponds to the 
mean surface temperature (723 K) and defines a lower limit for dyke 
width; minimum dyke widths and magma ascent velocities both 
decrease with increasing far-field temperature; at the highest tempera
tures, density effects have a minimal effect on wc.

-----Ap = 600 kg/m
-----Ap- 400 kg/m
-----zip = 200 kg/m

Figure 8 Plot showing the variation w>c for varying contrasts as a func
tion of the far-field temperature expressed through the Stefan 
number (see equation 3); higher values of relate to hotter 
country rock temperatures; minimum dyke widths are relatively insen
sitive to changes in country rock temperature (T^) until ^ 1-5, 
where widths increase rapidly.
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Table 2 Summary of results

Ap - 600 kg/m

Figure 9 Plot showing the effect of varying melt viscosity at fixed den
sity contrast (Ap = 600 kg/m3) on dyke widths; decreasing temperature 
has a relatively small effect on wc for a melt viscosities ^ 106Pas, but 
becomes more pronounced at higher melt viscosities.

viscosities, density contrasts and temperatures (expressed 
through Sqc), is summarised in Table 2.

4. Diapiric upwelling

An alternative explanation for the pancake domes is that 
they represent the surface expressions of high-level (diapiric?)

-----Ap - 600 kg/m
-----dp = 400 kg/m'
-----Ap - 200 kg/m

log melt viscosity (Pa S)

Figure 10 The relationship between magma ascent velocity (a) and wc 
(b)and in high viscosity dykes(10l4-1017 Pa s) as a function of changing 
density contrast (Sx fixed at 1-50); note the significantly higher values 
(by c. 100) of wv required for flow to occur without freezing compared 
to the lower viscosity flows computed in Figures 7-9; predicted mini
mum dykes widths are between ~1% and 5% of the mean dome 
diameter (24 km).

>1
(Pa s)

wc
(m)

Soc Ap
(kg/m3) (m/s)

t
(s)

10s 019 5 200 5-3 x 10~5 3-7 x 108
10s 216 0-83 600 002 9-9 x 105
1017 193 5 200 5.3 x 1011 3-7 x 10"14
1017 2-2 x 103 0-83 600 2 x 10-8 9-9 x 10"11

intrusions. The likelihood for magma reservoirs on Venus 
to grow excessively large compared with terrestrial magma 
chambers (Pavri et al. 1992) may lead to gravitational instabil
ity and subsequent diapiric ascent. Buoyant plutonic ascent of 
magma on Venus has been modelled by Sakimoto & Zuber 
(1995) for low Re Number flow through an isoviscous 
medium. They found that, in contrast to Earth, the high surface 
temperature on Venus allowed smaller and slower-rising 
magma bodies to reach the surface. These authors considered 
only the ascent of basaltic olivine tholeiite (the smaller differ
ence between the liquidus and solidus temperatures of more 
silicic magmas would render this ascent mechanism less favour
able). Other workers have proposed a connection between 
larger coronae structures and diapiric upwelling. Coronae are 
annular features 100-600 km in diameter that do not appear 
to have any terrestrial analogues. Koch & Manga (1996) have 
proposed that these structures may form above large diapirs 
(or mantle plumes) rising in the lithosphere to a level of neutral 
buoyancy where they then spread laterally, close to the surface. 
This mechanism of heat transfer may result in partial melting 
(e.g. Stofan et al. 1991).

Several important factors are relevant to a diapiric interpre
tation for domes (and coronae): (1) low erosion rates on Venus 
(Head & Wilson 1986) make it unlikely that the domes repre
sent unroofed intrusions, and (2) the dry (hence brittle) crust 
of Venus is likely to maintain high viscosity contrasts between 
rising magma and surrounding country rock, a factor known 
strongly to inhibit diapiric ascent (e.g. Petford 1996). It is none
theless instructive to consider diapiric rise of granitic magmas 
in comparison with dyke flow as a means of comparing the 
potential range of magma ascent rates. A lower bound on 
magma ascent velocity can be estimated for a hot Stokes 
sphere with average magma properties from:

R = t , *11.
i Ap2Jg-u. (4)

where R is the diapir radius, r]L the viscosity of the surrounding 
lithosphere and u the mean ascent velocity (e.g. Mahon et al. 
1988). Although more sophisticated diapiric ascent models 
now exist that take into account strain rate softening in 
power law crust (Weinberg & Podladchikov 1994), the above 
expression serves as a useful illustrative device.

Figure 1 la shows the ascent velocity of a diapir of radius R 
(taken as the average dome radius of c. 12 km) as a function of 
density contrast for a fixed lithospheric viscosity of 1021Pas 
(Nimmo & McKenzie 1998). This is based on the simplified 
assumption that an emergent dome represents the full radius 
of a rising diapir, and that no significant distortion has 
occurred due to flattening. Although a special case, it allows 
some constraints to be placed on likely minimum ascent 
velocities, which range from 5-4 x 10“11 m/s (Ap = 200kg/ 
m3) to 1-65 x 10-10 m/s (c. T65km/Ma) for a maximum 
Ap = 600 kg/m3. Thus, even the fastest-rising diapirs will take 
in excess of 12 Ma to travel 20 km (cf 105 years for the slowest 
dyke).



SILICIC MAGMAS ON VENUS 93

Given the fundamental role of melt transport rates in con
trolling heat loss from planetary lithospheres (Head & Wilson 
1986) it is useful to compare the thermal efficiency of dyking 
with that of diapiric ascent. The relative magnitude of advective 
to diffusive heat loss can be evaluated simply from the Peclet 
number {Pe)\

here u is the velocity and / is a lengthscale (taken here as R and 
\vc respectively). Where two processes have thermal similarity, 
Pe = 1 (e.g. Triton 1988). Pe number as a function of density 
contrast for a hot Stokes diapir and the most viscous rhyolite 
dyke is shown in Figure 11b. Despite the slower ascent veloci
ties, for Ap > 300 kg/m3 diapiric rise appears marginally more 
efficient in transporting heat {Pe = 1 ■ 3-4-0) than flow in viscous 
dykes {Pe = T8-2-6). However, for more realistic melt viscos
ities of 105Pas, Pe > 1500 for dyke flow.

Once emplaced, the shape with depth of an intrusion will 
also determine how fast it cools. Clearly, a diapiric interpreta
tion of the pancake structures has implications for the volume 
of magma they contain. Figure 12 shows a hypothetical pan
cake dome ‘diapir’ made up of a surface penetrating top 
(class II dome) with an intrusive root or tail of arbitrary 
depth 2r. The total volume occupied by a dome of r 12 km 
and a height {h) of 700 m (assuming an idealised geometry of 
a frustrum) is c. 2-7 x 10nm3. The volume of the tail is 
c. 3-6 x 1012m3, thirteen times as much again. Similar reason
ing can be used to compare the lateral surface areas of both 
geometries. For a class II dome, the lateral surface area (S^) 
can be estimated from:

SA - jz{a -|- r)'^h2 + {r — a)2 (6)

£• 1-1e-10

6-0e-11

Figure 11 (a) Ascent velocity of a diapir radius R (taken as the average
dome radius of c. 12 km) as a function of density contrast for a fixed 
lithospheric viscosity of 1021 Pas; depending upon the density contrast 
driving the flow, the diapir takes between approximately 12-5 Ma and 
37 Ma to rise vertically 20 km; (b) despite slower ascent velocities, dia
piric rise appears marginally more efficient in transporting heat 
{Pe = 1-3-4 0) than flow in viscous dykes {Pe = 1-8-2-6); however, 
for more appropriate melt viscosities, Pe > 1500 for dyke flow.

class II dome

d = 2r

Figure 12 Schematic representation showing a hypothetical intrusion 
geometry comprising a surface penetrating dome (class II) structure 
above an intrusive diapiric root (idealised right circular cone); the 
volume (F) of the dome (within 3% of the estimate of dome volume 
given by McKenzie et al. 1992a, equation 2), and root can be found 
from Vdome = 5 nh(a2 + ar + r2) and Vroo, = 5 nr2 d, respectively.

and the diapir root from:

S'A = Tirsjr1 + d1 (7)

(note that surface area is not recoverable from the viscous drop 
experiments of Huppert (1992), used as the basis for dome 
shape analysis in McKenzie et al. (1992a)). The surface area 
of an average dome of c. 1-5 x 10s nr (~150km2) is increased 
by a factor of 8 if a diapiric root in added. Finally, the surface 
area/volume ratio of a diapir (2-6 x KT4 m_ ‘) is twice that of a 
pancake dome with no root), and will result in significantly 
longer cooling times.

5. Discussion

5.1. Speculations on the petrogenesis of Venusian 
‘rhyolites’ and magma volumes
If the interpretation that steep-sided domes on Venus crystal
lised from high viscosity magmas is correct, then rocky planets 
other than the Earth are capable of generating silicic melts. On 
Earth, high silica (> 65 wt.%) magmas are generated either by 
partial melting of crustal rocks, or as the end products of frac
tional crystallisation of basaltic magma. In their wide ranging 
review, Pavri et al. (1992) proposed an origin for the rhyolitic 
magmas involving extensive fractional crystallisation in large 
basaltic magma chambers, but noted that the association of 
domes with tesserae may be due to partial melting of ‘evolved’ 
crust above basaltic magma chambers intruded along neutral 
buoyancy zones. Both interpretations have some important 
consequences for the chemical and geophysical evolution of 
the Venusian crust.

Unlike on Earth where high silica magmatism associated 
with active continental margins defines linear arrays of volca
noes and plutonic belts, similar patterns are absent on Venus 
(e.g. Fig. 4). Instead, a partial melting model for Venusian 
rhyolites, possibly above ascending mantle plumes, has been 
suggested (McKenzie et al. 1992a). Given the absence of 
subduction (and low water content) on Venus, it is unlikely 
that silicic magmas will be calc-alkaline in the terrestrial 
sense. Fluid-absent melting of rocks of basaltic composition 
on Earth to 1 GPa gives rise to high Na, high Al (and Sr) and 
low K melts. Experiments show that c. 20% melting will 
result in high silica liquids (>70 wt.%), with residues
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compromised of Cpx -F Opx ± garnet, depending upon P-T 
(e.g. Rapp et al. 1991; Sen & Dunn 1994). Thus, silicic 
magmas on Venus formed as partial melts of dry basaltic 
crust are likely to be similar to Archaean (and more recent) 
trondhjemites or adakites. The generation of silicic magmas 
by anhydrous or fluid-absent melting in the garnet stability 
field on Venus will result over time in a bulk increase in crustal 
density. Modification of the crust through repeated episodes of 
partial melting and ‘rhyolite’ generation may have important 
long-term consequences for the topographic and isostatic 
evolution of the Venusian lithosphere (e.g. Namiki & Solomon 
1993).

It is well known from terrestrial studies that fractionation in 
excess of 90% is required to generate liquids of rhyolite compo
sition from basaltic magma. A minimum volume of rhyolite on 
Venus can be estimated from the spread of volumes (n = 59) 
contained in domes reported by Pavri et al. (1992). The value 
of c. 40,000 km3 would require a minimum volume of cumulate 
of c. 3-6 x 105km3, distributed evenly (following dome distri
bution) beneath the planet’s surface. For comparison, the 
Lima segment of the Coastal Batholith of Peru contains 
approximately 14,000 km3 of granitic material (Atherton & 
Petford 1996). There may, however, be evidence for more 
extensive volumes of rhyolitic material on Venus. Head et al. 
(1991) noted the close association between domes, linear 
features and corona, the possible surface expressions of high- 
level plutonism. Many of the bright linear features seen in 
SAR images of Venus (and similar bright images on Mars) 
may be collapse graben above dykes that failed to reach the 
surface (e.g. McKenzie et al. 1992b; Nimmo 2000). Some 
dyke-like features on Venus are laterally extensive for 
> 1000 km, and have widths of several km (McKenzie et al. 
1992b; Ernst et al. 1995). It is possible that some of these 
may be silicic, and that dykes occurring in swarms may contain 
batholithic amounts of granitic material. For example, taking 
the median estimated minimum critical width of silicic dykes 
(104 < r]m < 108 Pa s) on Venus of c. 8 m, a lOOkm-long dyke

extending to a depth of 20 km beneath the Venusian surface 
will contain c. 16 km3 of magma. Despite this conservative esti
mate, given that hundreds of such features commonly occur 
together with domes and coronae in close spatial association, 
then total magma volumes in heavily intruded regions may 
easily exceed several thousand cubic kilometres (Figure 13).

6. Summary

The slightly lower surface gravity on Venus results in larger 
minimum dyke widths and correspondingly lower ascent rates 
than for granitic magmas in terrestrial dykes. Taking a fixed 
planetary thermal structure and melt properties, differences in 
minimum critical dyke width and magma ascent rate are 
controlled by gravitational strength alone. In the range 
Ap = 200-600 kg/m3 and with melt viscosities of 104-108Pas, 
minimum critical rhyolite dyke widths (w>c) on Venus range 
from < 1 m to c. 20 m with a median of c. 8 m for a transport 
distance of to 20 km. Magma viscosity is the most important 
factor governing dyke widths and ascent velocities, although 
the far-field lithospheric temperature can exert a strong control 
at values close to the critical Stefan number crit = 0-83.

Typical magma ascent rates range from 0-02 m/s 
(pm = 105Pas) to c. 10-9m/s (r]m = 1017Pas). At high melt 
viscosities, dyke ascent velocities converge towards maximum 
estimates of diapiric rise. High-velocity dykes and diapirs are 
characterised by Peclet numbers of between 1 and 4. Maximum 
critical minimum widths never exceed c. 5% of the average 
pancake dome width, indicating that, even for extreme con
ditions of high viscosity and low density contrast, Venus 
domes can be easily supplied by flow in narrow dykes. The asso
ciation of steep-sided domes, coronae and dyke swarms lends 
support to the notion that batholithic quantities of granitic 
(tronhjemitic?) material may exist on and beneath the surface 
of Venus.

Figure 13 1991 Magellan radar image approximately 300 km across, centred on 59°S, 164°E in a plain to the S of
Aphrodite Terra; the large circular structure near the centre of the image is a corona, approximately 200 km in 
diameter; to the N is a flat-topped pancake dome; another dome is located inside the western parts of the annulus 
of the corona fractures; complex fracture patterns are often observed in association with coronae that may relate to 
(diapiric?) upwelling and intrusion beneath the surface; bright linear features running approximately N-S are 
graben structures, possibly located above near-surface dykes; together these structures may contain batholithic 
(> 2000 km3) quantities of silicic rocks.
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METALLIC LIQUID SEGREGATION IN PLANETESIMALS. T. Rushmer1 and N. Petford2, 1 University of 
Vermont (Department of Geology, Burlington, VT 05405; Tracy.Rushmer@uvm.edu), 2Centre for Earth and 
Environmental Sciences (Kingston University, Kingston Upon Thames, Surrey, UK; N.Pet@kingston.ac.uk)

Introduction: Segregation of Fe-Ni-S-0 liquids 
during partial melting of chondritic parent material 
imparts a distinct geochemical signature on the 
composition of residual metal and helps determine 
siderophile partitioning behavior [1]. Chemical 
signatures will vary according to initial parent body 
composition, physical segregation mechanisms and at 
what degree of partial melting core-forming liquids 
are extracted. In this study, geochemical data from 
deformation experiments performed on partially 
molten ordinary chondrite (Kernouve) have been 
collected on Fe-S-Ni-0 quench and associated Fe-Ni 
residual metal by electron probe and LA-ICPMS [2]. 
Siderophile concentrations in the quench liquid and 
associated metal, dynamically segregated at different 
degrees of partial melting, were used to calculate 
partition coefficients for different solid metal/liquid 
metal compositions and are reported in [3], 
Deformation in segregating liquid metal from silicate 
most likely plays a more important role in core 
formation than previously thought and here we 
present experimental results and a model which 
drives segregation by pressure gradients developed in 
the silicate matrix undergoing porous flow and pure 
shear [4], The model also provides estimates of 
segregation rates. Combined with the geochemical 
data, possible links between liquid fraction chemistry 
and rate of transport may be made.

Experimental Results: Four experiments were 
chosen for in-depth chemical analyses. Analyses 
provided data on both solid metal and quench Fe-S- 
Ni-0 compositions in Kernouve experiments (KM) 
[3]. The experiments chosen were: KM-12 at the 
lowest degree of partial melting (P=1.2 GPa, 
T=900°C, strain rate=10'6/s, no silicate melt present, 
10% strain, < 5 vot% quench metallic liquid present). 
KM-12 quench liquid has S contents of 30-32 wt% 
and O contents 0.24-0.66. KM-10 at a moderate 
degree of partial melting (P=1.0 GPa, T=925°C, 
strain rate= 10‘5/s, 40% strain, 5-10 vol% quench 
metallic liquid). KM-10 quench Fe-S-Ni-O located in 
high stress shear domains had S contents of 26-29 
wt% and O between 0.04-0.23. KM-17 (P=1.2 GPa, 
T=940°C, strain rate=10 6/s, 10% strain, 15-20 vol% 
quench metallic liquid and -12% silicate melt 
present, moderate degree of partial melting). KM-17 
S quench liquid contents range between 15 and 20 
wt% and O from 0.2 to 1.1. KM-11 (P=1.0 GPa, 
T=990°C, strain rate=10'5/s, 15% strain, >25 vol% 
quench metallic liquid, 15-18% silicate melt; highest 
degree of partial melting). KM-11 quench liquid S 
contents range between 8 and 12 wt% S and O

between 1.0-2.1 wt%. Calculated D values (SM/LM) 
show excellent agreement with equilibrium solid 
metal-liquid metal partition coefficients determined 
in S-bearing systems [6], Both studies show the 
influence of S on siderophile partitioning, with the 
higher S content, low volume quench liquid having 
Ds>200 for highly siderophile elements and Ds closer 
to 1 for the highest volume, lowest S content metallic 
liquid [3,6], The role of O needs to be further 
considered, but as shown by [7] may be significant in 
porous flow segregation models. We can estimate the 
rate of Darcy flow (steady seepage) as a function of 
porosity and using the compositions of the liquid 
metal fraction, begin to link major element and 
siderophile chemistry to flow rates. We model a 100- 
km planetesimal body undergoing Darcian flow and 
discuss rates of segregation induced by 
deformation-enhanced flow.

Melt Segregation Model: The shear dilatancy 
model mathematically describes a porous matrix that 
is modified by deformation to create dilatancy (low 
pressure sites) and drives melt segregation [4]. Using 
the permeability relationship from [5], calculations of 
the rates of flow in a porous medium can be initially 
made (porosity = melt fraction). The melt flow is 
given in m/s (Darcy velocity) and ranges between 10' 
8 m/s to 10'7 m/s for porosities (liquid fraction) of 
0.05 to 0.10. As porosity increases, flow rates 
increase, but level off to a range between 10~5 m/s to 
10"4 m/s for porosities of 0.40 to 0.50. When 
deformation events are included, calculated shear- 
induced flow velocities range from 10'7 to 1 ms'1 for 
strain rates up to 10"3 s'1. At higher rates, compatible 
with catastrophic impact, instantaneous flow 
velocities may exceed 10 ms"1. Transport of metallic 
liquids with a range of S contents may be possible by 
deformation-enhanced flow, in tandem with 
background percolation of low melt fraction-high 
S+/-0 bearing liquids. These initial results suggest 
that bodies of comparable size subjected to periods of 
deformation should have formed proto-cores before 
accreting to form larger terrestrial bodies if subjected 
to deformation at strain rates in excess of lO'V1.
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and Koenders, M. (2003) Geophys. Jour. Inter. 155, 561- 
591. [5]Yoshino, et. al., Nature, 422, 154-157 (2003). [6] 
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RHEOLOGY AND MULTIPHASE FLOW IN CONGESTED AMMONIA-WATER-ICE SLURRIES.
Nick Petford1, 'Centre for Earth and Environmental Science Research, Kingston University, Surrey, KT1 2EE, UK 
(n.petford@kingston.ac.uk)

Introduction: Some aspects of the rheological be
haviour of ammonia-water-ice slurries have been inves
tigated by Kargel et al. [1] over a range of temperatures 
and compositions relevant to the icy satellites. How
ever, a proper quantification of the rheology and flow 
behaviour of fluid-particle suspensions remains a major 
theoretical and experimental challenge. This complex, 
multiphysics problem is somewhat difficult to general
ize, as many mechanisms occur simultaneously and 
interdependently. Suspension rheology is particularly 
relevant in this respect due to its strong influence on 
the style of flow and emplacement of cryomagmas both 
internally and at the surface [2],

This study is concerned with estimates of flow rhe
ology at high crystal loads ( 0 > 50%), well above the 
experimental range investigated in [1]. Such materials 
are referred to in the micromechanics literature as con
gested [3], and magmas during their latter stages of 
flow, where cooling and crystallisation dominate, pro
vide excellent natural examples.

Multiphase flow: Cryomagmas, along with their 
silicate counterparts, are prime examples of flows that 
involve the transport of solids, gases (and other fluids) 
by a separate carrier phase. Such flows are called mul
tiphase, and have attracted much recent attention due to 
their important range of engineering applications [4]. 
Where the number density of the dispersed phase is 
large, the influence of particles on the fluid motion 
becomes significant and must be taken into account in 
any explanation of the bulk behaviour of the mixture. 
Numerical techniques for simulating multiphase flow 
require that computation of particle and fluid trajecto
ries are done simultaneously and iteratively, are still in 
a relatively unadvanced state [5], Further complica
tions arise due to the interactions between particles and 
walls, and when phase changes take place in the carrier 
fluid.

Flow Rheology. Equations describing first and sec
ond-order order corrections to an infinite mixture with 
a Newtonian fluid viscosity (//), and spherical particles 
of equal size d comprising a solids volume fraction (0), 
are well known, but valid strictly only for dilute sus
pensions where the grain packing is isotropic [6], In
evitably a number of problems follow from this simpli
fication, one of the more serious being that in narrow 
channels, particles are forced to come very close to
gether so that particle-particle interactions become 
dominant. A measure of this is given by the Bagnold 
number. This has led to the important observation that 
for all cases where a shear gradient exists in densely

packed suspensions (^ > 0,3), a migration effect takes 
place [7].

Lubrication limit. Rather than attempt third-order 
(and higher) corrections to the viscosity term as ex
trapolated from dilute suspensions, a more sensible 
way to proceed might be to tackle the problem by de
riving formulations for the effective viscosity of 
densely packed suspensions directly. One approach 
that holds promise is based on the lubrication limit 
concept of particle interactions [8]. This limit domi
nates when the surface contact distance between two 
particles (h) is « d. An approximate expression link
ing the ratio d/h to the solidosity (^ > 0.2) is:

(1-fl

60(2-0)

with the derived estimate of the effective viscosity (g )

M(2^)

Application to congested ammonia-water-ice 
slurries: Using eqn. 2 it is possible to make some pre
liminary statements about the rheology of an initially 
densely packed suspension that have bearing on the 
flow rates of cryomagmas. Fig. I is a plot showing the 
changing effective viscosity of the mixture as a func
tion of melt viscosity and particle content (solidosity). 
The melt viscosity of the continuous phase, an ammo
nia-water liquid (NH3 c. 21-35%) over the temperature 
interval 40 < 104 K/T < 60, varies from ~ 10'3 to 10 Pa 
s [1]. From eqn. 2, the order of magnitude increase in 
effective viscosity with increasing solids content and 
melt viscosity ranges from 0.02 Pa s (0 = 0.4) to 7 x 
103 Pa s (0 = 0.8). The estimated effective viscosity of 
a congested slurry with a 20% porosity where the liq
uid phase is at the ammonia water-ice peritectic (T = 
176.2, 4 Pas [1] is c. 103 Pas.

Flow velocities and segregation: The new esti
mates of effective viscosities can in principle be used 
to place order of magnitude constraints on flow veloci
ties of congested ammonia-water-ice slurries in dykes. 
However, the problem requires some knowledge of the 
pressure gradients available to drive the flow. Esti
mates of cryomagma properties on Europa suggest that 
the slurries can be either positively or negatively buoy
ant, depending upon factors such as initial melt compo
sition and bulk differentiation of the crust [9]. These 
parameters are not currently well known for any icy
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planet in the solar system. However, for illustrative 
purposes. Fig. 2. shows a plot of the predicted cryo- 
magma flow velocities for a pure liquid and cryo- 
magma slurry in a 1 metre-wide dyke for a density con
trast of 50-150 kg/m3 [9]. The gravity field (1.3 m/s2) is 
typical of the icy moons. The maximum average flow 
velocity (u) for crystal-free pertiectic NH3-H2O melt is 
c. 4 m/s. Mean cryomagma flow velocities range from 
a maximum of 0.23 m/s to 2 x 10° m/s for highly con
gested magma (£ = 0.8. Ap = 50 kg/m3 ). Slurry flow 
in a confined channel at high crystal loads is problem
atic. However, a migration effect is expected during 
shear arising from fluctuations in particle velocity. This 
tends to keep the margins of the flow relatively free of 
particles, thus lubricating the congested central plug. 
For relevant theory that captures both the solidosity 
and granular temperature fields due to velocity fluctua
tions in sheared suspensions see [e.g. 7,10].

•ffvctiv* viacocity

»o*do»(ty 0.4 ,„•< NKWCO nwK ifceasity (P» *)

Fig. 1. Plot showing estimated range in effective viscos
ity for ammonia-water-ice slurries (melt viscosities from [1]).

Flow valocity

Fig: 2. Plot showing estimated range in flow velocities 
for congested cryomagmas (40-80% solids).

Shear-enhanced melt extraction: Should the 
eutectic melt phase mass density equal or exceed that 
of the solid residue, upwards transport of cryomagmas 
due to buoyancy forces is not possible. Stress corrosion 
and the generation of fluid-filed cracks during tidal 
flexing are potential alternative transport mechanisms
[9] . Another is shear-induced dilatancy in the ice ma
trix. Arguably the low temperatures in the outer solar 
system make the viscous behaviour unlikely on short 
timescales, so ice might behave as a granular material 
over the timescale of tidal loading (hours to days). This 
would open up a way of extracting melt from its solid 
matrix by a sucking action caused by fluctuating pres
sure gradients. The driving force is the externally im
posed shear strain rate. Detailed equations setting out 
the theory of shear-enhanced melt extraction due to 
dilatancy are given in [11]. While the application was 
focused on silicate magmas, this purely mechanical 
model is equally suited to multiphase flow in low tem
perature systems. More information on the rheological 
properties of ice would help in this respect [e.g. 12].

Implications: Curious structural features and 
changes in albedo on Ganymede (also Titan) may re
flect successive emplacement of darker (particle-rich) 
and lighter (melt dominated) cryomagmas [13], imply
ing segregation mechanisms at work. Flow segregation 
during cryomagma ascent to form an axial slurry, fol
lowed by extraction of lower viscosity melt from the 
congested mush by shear might be one way of achiev
ing some of the observed surface texturing. This hybrid 
model of density-driven flow followed by shearing of a 
densely packed suspension may be tidal ly driven, re
sulting in episodic transitions between slurry flow 
(gravity-driven) and strain rate assisted flow of an effi
ciently segregated pure melt phase. This and other mul
tiphase flow behaviour including impact fluidization of 
cryomagma slurries, is the subject of ongoing theoreti
cal investigations.

References: [1] Kargel et al (1991) Icarus, 89, 93- 
112. [2] Croft et al. (1988) Icarus, 73, 279-293. [3] 
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Gidaspow D. (1994) Academic Press, San Diego. [5] 
Crowe et al. (1998) CRC Press, Boca Raton, Florida. 
[6] Bird et al. (1960) Transport Phenomena Wiley, 
NYC. [7] McTigue D.F and Jenkins, D.T. (1992) El
sevier Science Publishers, Amsterdam, 381-390 [8] 
Torquato et al. (1990) Phys Rev A, 41, 2059-2047. [9] 
Wilson, L and Head, J.W. (1997) LPS 29 Abs. 1138.
[10] Petford N. and Koenders M.A. (1998) J. Geol.
Soc. London, 155 873-881. [11] Petford. N and
Koenders M.A. (2003) GJI 155, 857-869. [12] Steven
son D.J. (2003) Geophys. Res. Abstracts 5, 03289. [13] 
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ADDAMS CRATER, VENUS: OUTFLOW ANALOGOUS WITH A SUBMARINE DEBRIS FLOW?
Philip Purdie1 and Nick Petford1, 'Centre for Earth and Environmental Science Research. Kingston University, Sur
rey, KT1 2EE, UK (n.petford@kingston.ac.uk)

Introduction: The Magellan mission to Venus 
(1989 to 1994) recorded over 900 impact features on 
the surface of the planet [1], Due to the relative lack of 
erosion, recent volcanism and other tectonic activity, 
the mostly complete impact record allows for a detailed 
study of crater and outflow mechanics. From an initial 
vapour cloud formation scenario, the origin of the out
flow as a cometary impact event sems unlikely. Vapour 
cloud modelling for iron and stony meteorite impacts 
correlate well with predicted source cloud emplace
ment and point to catastrophic emplacement of the dis
tal outflow deposits. The extraordinary outflow length 
and morphology of Addams crater deposits are compa
rable to that of the Saharan submarine debris flow off 
Northwest Africa. Comparison of sonar data with ra
dar images of the Addams crater outflow lead us to 
postulate that both flows were formed from a similar 
two-tiered flow regime.

Addams Crater (56.1°S, 98.9°E): Addams crater 
is situated on an unnamed corona-chain complex (east
ern edge) between Lada Terra and Aino Planitia [2], It 
has the largest crater outflow feature associated with 
any Venusian impact [3], New surface area and linear 
measurements of the outflow features have been made 
to better understand its formation. The extraordinary 
outflow length and morphology of Addams crater is 
comparable to that of the Saharan submarine debris 
flow off Northwest Africa. In this article we draw com
parisons between both flows, and speculate on the pos
sible mode of emplacement of the Addams crater out
flow deposits.

Fig. 1. Addams crater, showing proximal (A), medial (B) and 
distal (C) ejecta outflows.

Crater outflows: The thick Venusian atmosphere 
accounts for the lack of impact craters below approxi
mately 2 km in diameter, as small impactors tend to be

catastrophically disrupted and vaporized before reach
ing the surface [4], Crater formation on Venus is char
acterized a combination of ejecta deposits, classified 
into three distinct morphologies (proximal, medial and 
distal ejecta flows [3,5], and associated lava flows 
[1,2], Observational evidence suggests the crater out
flows navigate fluidly around obstacles and that their 
distant margins have a rough nature, indicated by in
creased (brighter) radar backscatter. In comparison 
with the other terrestrial planets, the Venusian ejecta 
deposits appear relatively easy to define, possibly re
flecting emplacement from a cloud rather than purely 
ballistic processes [6].

Vapour cloud modelling: Early impact experi
ments [8] on vapour/debris clouds produced from im
pacts show the atmosphere clearly limits cloud devel
opment. Instead of expanding to many times the vol
ume of the impactor in a largely vertical direction (as 
in a vacuum), atmospherically-emplaced vapour/debris 
clouds assume a ground hugging, lateral downstream 
displacement. Due to the dense atmosphere on Venus, 
most of the vaporised impactor material should be re
tained [7].

We now calculate the total vapour cloud travel dis
tance (L) for Addams crater from:

~ = 13l 3
r. [67kg/m3

x0.4

V1

smj/kg

3g/cm
1/3

A/..

V ^ PnJ J

\0km/ s

(1)

where, L is the total travel distance of the first wave of 
the vapour cloud, rp is the radius of the impactor, pair 
is the ambient air density (65 kg/m3), /?vap is impact 
vapour density, A/VaP is the mass of impact vapour, A/proj 
is the mass of the impactor, Cvap is 25 MJ/kg (for 
oblique impacts), and is downstream translational 
velocity (12 km/s). In order to gauge impact vapour 
density, the volume of a hemisphere was calculated 
using a base diameter of 237 km. which is scaled from 
the centre of the interfered ejecta blanket of the out
flow deposit [7], It is important to note that the dis
tance (L) is taken to mean the distance that the cloud 
travels in its first wave and where its velocity reaches 0 
km/s and not the terminal cloud position. The equation 
also takes into account the mass of vapour produced, as 
well as any melt from the impactor. Impactor types of 
varying mass and density (iron, stony, comet) were
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chosen for comparison. Both the impacts from the me
teorites modelled closely the terminal position of the 
first wave of lateral cloud movement the comet less so.

A Saharan debris flow emplacement mechanism 
for the outflow deposits at Addams crater? The Sa
haran debris flow off Northwest Africa, noted for its 
long runout length of c. 700 km. provides an interesting 
terrestrial counterpart to the Addams crater deposits. 
Using sonar images [8], it is possible to compare the 
morphology and geometries of both flows. A simple 
analysis involves a comparison of the height (H) of the 
outflow source region (vertical difference between 
source elevation and final deposit elevation) with the 
flow length (L). measured horizontally from the source 
region to the flow's distal limits (9). The resulting 
division (L/H) is the efficiency.

Fig. 2. Radar image of the distal end of Addams crater out
flow indicating flow through a constriction.

For Venus, the relevant topographic information is 
gleaned from the altimetry data collected by the Magel
lan probe. However, this data is relatively course and 
the best approximation of vertical height from the cra
ter rim to the distal end elevation is 2 km. The length 
however is more easily constrained at 640 km. 
Bathymetry data for the Saharan debris flow [10] is 
better constrained and the height difference (//) has 
been calculated also as 2.0 km. The accompanying 
flow length (L) is 700 km. The resulting efficiency 
(L/H) values are 320 for Addams crater and 300 for the 
Saharan debris flow. When compared to other effi
ciency readings taken from a range of debris flows [9], 
both the Saharan and Addams crater flows show re

markably high runout efficiency values. Although the 
origin of the two flows is different, it is the contention 
of this report that they are the result of the same flow 
processes.
Discussion: Superfical similarities exist between the 
Addams outflow and the Saharan debris flow. Both 
were required to overcome geometrical constrictions 
[e.g. 10 and Fig. 2]. Lateral margin deposits appear to 
be characteristic of both flows, and their width dimen
sions and the presence of onlap sequences correlate 
well (Fig. 3). Both flows can be judged to be flowing 
through high pressure “atmospheres”, with atmospheric 
pressure on Venus at 92 bar and the Saharan debris 
flow under approximately 2 km of water proximally 
and nearly 5 km distally. How these two atmospheres 
interacted with the flows, and whether or not entrain
ment acted to prolong them, is an open question. If the 
Addams crater outflow started as a vapour/debris 
cloud, rapid collapse and condensation may have 
helped provide the high pore fluid pressures required 
for long runout lengths in terrestrial settings.

Fig. 3. Lateral margin and possible onlap deposits (darker) 
in the distal end of Addams crater outflow (yellow square.
Fig. 2).
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Introduction: Timescales for first planetesi- 
mal accretion and differentiation have recently 
been under intense scrutiny. Although the iso
topic data (mainly the decay of short-lived iso
topes 182Hf to I82W) are still being gathered and 
interpreted, current data suggest that core for
mation in early planetesimals was likely a rapid 
process. The most recent estimations using high 
precision W isotopic data from iron meteorites 
[1,2] show a range in timing, but suggest some 
samples have formed in less than 2 Ma of solar 
system formation. Liquid iron-rich metal segre
gating from a molten silicate mantle (magma 
ocean) is a widely cited mechanism for segre
gating the Earth’s core [3], However, the short 
times for core formation based on W-Hf isotope 
systematics permit other segregation mecha
nisms for liquid metal to be active during core 
formation in growing planetesimals [4,5]. For 
example, defonnation may assist the segregation 
of low degree metallic melts and may enhance 
both kinetics and efficiency of the physical seg
regation process. Here we report the results of a 
series of deformation experiments combined 
with modeling to investigate mechanisms of 
core-metal transport during planetesimal accre
tion and their associated liquid metal geochemi
cal signatures. We then explore the relationship 
between melt fraction and porosity to compare 
the migration rate of liquid metal driven by 
buoyancy pressure gradients with a theoretical 
model of melt segregation in a deforming porous 
medium that takes into account the coupling 
between volume strain (dilatancy) and shear 
stress.
Geochemical Study and Results: Several 

key experiments performed on Kernouve (H6), 
an ordinary chondrite (samples KM10, 11, 12, 
17 and 24) show representative textures that 
develop during deformation as a function of liq
uid metal fraction and silicate melt percentage. 
Geochemical analyses on these samples have 
determined major element and siderophile con
centrations in both Fe-S-Ni-O quench and Fe-Ni 
metal as a function of degree of melting. Data 
were collected using a JEOL 8900 Superprobe 
electron microscope and laser ablation ICP-MS.

LA-ICPMS analyses of individual large metal 
grains from Kernouvd starting material, quench 
Fe-S-Ni of different compositions and associated 
residual Fe-Ni metal from the defonnation ex
periments were analyzed with a spot size varying 
between 25-50 pm [6].

The siderophile concentration data in Fe-S- 
Ni-0 quench and associated Fe-Ni metal dy
namically segregated at different degrees of par
tial melting were used to determine partition 
coefficients for different solid metal/liquid metal 
compositions as a function of degree of partial 
melting [6]. The geochemical results show the S 
content in the segregated Fe-rich liquid metal 
decreases with increasing degree of melting. The 
S content of the liquid metal affects the parti
tioning behavior of highly siderophile elements 
between solid (Dsm) and liquid metal (D^,). An 
increase in porosity (liquid melt fraction) from 
c. 5 to 30% lowers Dsm/|m for HSE by several or
ders of magnitude (Figure 1). The D values in 
the deformation experiments agree well with 
those determined from equilibrium experiments 
[7]. Textural analyses confirm the mobility of 
Fe-Ni-S-bearing liquids under conditions where 
the silicate matrix remains subsolidus or contains 
< 5% silicate liquid. At greater silicate melt frac
tions, metal-sulfide liquid geometry takes the 
form of immiscible, spherical shaped beads 
within the silicate melt. These gradually become 
coarser with increasing silicate melt fraction. Fe- 
Ni-S-0 liquids occupy dilatant zones in regions 
where the olivine-pyroxene dominated silicate 
matrix has not undergone extensive melting or 
hydro fracture. Such textures are important in 
that they provide experimental evidence for the 
shear dilatant melt segregation model and con
firms the presence of a dilatant defonnational 
regime in the material prior to brittle failure.

Coupling geochemistry with metallic 
segregation rates and regimes: We apply a 
modeling approach that makes predictions on 
segregation rates of metallic liquid during porous 
flow and strain-induced migration and couples the 
results with metallic liquid geochemistry and 
highly siderophile element partitioning behavior.

The magnitude of the excess pore pressure,
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defined as the difference between the fluid pres
sure minus the hydrostatic pressure, will drive 
melt segregation, or local flow rate. A model of 
melt segregation during matrix shear based on 
Biot's general theory of consolidation, modified 
to take into account the coupling between vol
ume strain and shear stress has been recently 
developed and is relevant to the problem of liquid 
metal extraction [8]. The dilatant effect pro
duced in the deformation experiments can be 
captured mathematically as a function of applied 
shear stress rate and can be solved analytically to 
yield explicit expressions for the excess pore 
fluid pressure, which is the local pressure gradient 
driving force for the liquid phase. This can be 
shown with Fe-liquid compositions as a function 
of melt fraction, at a given strain rate (Figure l). 
Most importantly, the local Fe-rich liquid metal 
flow rate can also be calculated (Figure 2).

Figure 1: Relationship between Fe-liquid melt frac
tion, the associated sulfur content (S wt.%) and the 
calculated range in maximum excess melt (pore fluid) 
pressure at a fixed strain rate of 10'6 s '. Highest S 
contents (30 wt.%) correlate with lowest porosities. As 
solid metal residues are sensitive to changes in compo
sition in Fe-Ni-S metallic liquids, the coupled variation 
between sulfur content and melt fraction will strongly 
influence the partitioning behavior (D) of the highly 
siderophile elements, which become preferentially con
centrated in the liquid metal (LM) relative to the solid 
metal phase (S\f) with decreasing melt S content [6.7J.

The model is expressed in terms of shear 
strain rates, thus the fluid flow velocity is inde
pendent of intensive melt properties. Estimates 
of the flow rate resulting from shearing are cal
culated for strain rates (e) in the interval lO 'V

to 10‘5 s'1, chosen to overlap with the experimen
tal range, but also extended to faster rates of > 
10 3 s'1, typical of high velocity impact loading. 
Figure 2 shows a summary of the shear-induced 
segregation regimes where the predicted flow 
velocities are plotted as a function of strain rate.

V\etecity <« •*>
Figure 2: Calculated Fe metal liquid flow velocities 
versus strain rate (€) in a deforming porous media. 
Estimates of flow based on Darcy’s law for porosities 
up to 0.3 are shown for comparison (boxed region) 
and define a maximum velocity of 10'5 ms'1 correspond
ing to deformation-enhanced melt flow velocities at 
strain rates < 10* s'. Hypervelocity impacts induce 
loading rates of c. 10'1 - 10°, with predicted melt flow 
velocities > 1 m s'1.

Predicted characteristic timescales of Fe- 
liquid metal transport due to buoyancy effects 
(diapirism and porous flow) for a 100 km-sized 
planetesimal are < 104 years. During the latter 
(impact) stage of accretion that is likely to fa
vor shear-enhanced melt flow, it is feasible that 
existing core material may be transported lo
cally upwards back into the proto silicate man
tle.
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Introduction: Although liquid iron-rich metal seg
regating from a molten silicate mantle (magma ocean) is 
a widely cited mechanism for segregating core forming 
material [1-2]. the short times (< 30 Ma) required for 
core formation based on Hf-W isotope systematics [3] 
have reopened the debate on the role of magma oceans 
in core formation. In particular, the W-Hf data provide 
supporting evidence that the terrestrial planets and lar
ger asteroids formed by rapid accretion of planetesimals 
that had already undergone early differentiation and 
contained proto-planetary cores. Recent experimental 
studies have investigated the physical efficiency of Fe- 
rich liquid segregation from a silicate matrix in both 
static and in actively deforming (dynamic) environ
ments [4-6]. As shown by [4], under non-hydrostatic 
conditions, deformation mechanisms appear capable of 
providing high permeability pathways for metal segre
gation independent of surface tension effects. As a first 
step towards modelling Fe metal segregation in deform
ing planetesimals, we have devised a computation 
methodology that allows us to use actual rock texture as 
a basis for physics-based modelling of the segregation 
process.

Fig. 1. Photomontage image of Kemouve H5 mete
orite showing textural distribution of Fe-Ni-S metal. 
Silicate mineralogy is mostly pyroxene and olivine. 
Image scale approx 1 cm by 0.5 cm.

Experiments: Dynamic melting and deformation ex
periments were conducted on a partially molten ordi
nary H6 chondrite (Kemouve) using a solid-media rock 
deformation apparatus to investigate the mechanisms of 
metal-silicate under applied stress. Textural and chemi
cal analyses confirm the mobility of Fe-Ni-S liquids 
under conditions where the silicate matrix remains sub

solidus. Fig. 1. shows the distribution of metal in Ker- 
nouve H6 in the sample (to scale) after partial melting. 
(T = 900-1000°C, P = 1 GPa). Subsequent experiments 
to investigate melt segregation during shear are de
scribed in [6].

Image analysis: In order to perform accurate (geo
metrically constrained) numerical modelling of liquid 
Fe-metal flow it was necessary to capture the texture 
and distribution of the metal phase in the sample. This 
was achieved using images obtained from optical mi
croscopy (Fig. 1) and SEM backscatter (Fig. 2).

Fig. 2. SEM backscatter image of Kemouve H5 
meteorite showing region used as basis for finite ele
ment (mesh) geometry and numerical flow modelling. 
Fe-Ni-S metal pockets shown as light grey.

The more detailed SEM image shown in Fig 2 was 
then image processed so that the regions of interest 
size (shape and distribution of the metal phase) could 
be segmented from the background matrix. The result
ing greyscale image transform is shown in Fig. 3. The 
final stage in the imaging processes involved convert
ing the greyscale texture image (Fig. 3) into a geome
try object such that important elements of the original 
texture are preserved. The resultant geometry was then 
meshed ready to perform the finite element analysis 
and fluid flow modelling. The final pre-processing 
image is shown in Fig. 4. The finite element mesh con
sists of 32000 grid points and can be further refined for 
more detailed analysis. Fe-Ni-S melt pockets are 
shown in outline. Mesh density is highest around the 
melt pockets as these regions display the most complex 
flow behavior.
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Fig. 3. Thresholded and negative (inverted) grey
scale image of that shown in Fig. 2. Here the Fe-Ni-S 
metal phase is shown in black. Scale as in Fig. 2.

Fig. 4. Finite element mesh geometry derived from 
Fig 3. The mesh consists of 32000 grid pints. Fe-Ni-S 
melt pockets shown in outline. Mesh density is highest 
around the melt pockets as these regions develop com
plex flow fields.

Results: Fig 5 shows the results of a numerical so
lution applied to the digitized Kemouve H5 texture 
shown in Fig. 4. The analysis was performed using 
Comsol Multiphysics v.3.2 and solved assuming a 
Darcyan flux. The plot shows the 2D surface pressure 
gradient, fluid flow streamlines (red) and velocity field 
(yellow arrows). Fe-metal fluid flow is towards the 
existing pockets of Fe-Ni-S metal. In this simple 
model, metal fluid flow is driven in the porous matrix 
(blue) with fixed permeability of 10'11 m: [5] by a 
pressure gradient of c 103 Pa. Yellow arrows show the 
corresponding direction and magnitude of the melt 
velocity field. A key result is that porous flow of small 
melt fractions of Fe liquid metal takes place in the sili
cate matrix, where it is drawn to pre-existing 2D pools 
(in 3D these structures might be channels) which are
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sites of reduced pressure. In this way, small liquid 
fractions collect over a scale of several or more grains 
and concentrate in preferred sites (sinks) of liquid 
metal. Modelling microscale segregation may help 
understand macroscale core formation. The models 
also have potential to shed light on liquid metal trans
port across the CMB [e.g. 7].
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Fig 5. Numerical solution showing Fe metal flow 
velocity field (arrows) in Kemouve H5. Melt is at
tracted towards low pressure Fe-Ni-S melt pockets 
(while regions).

Discussion: The procedure outlined here offers a 
new way of modelling in detail grain-scale liquid metal 
segregation in natural samples. In the numerical 
model, constrained by true (2D) textural geometry, the 
pressure field, matrix permeability and Fe-Ni melt vis
cosity and density can be changed at will, allowing 
detailed sensitivity analysis of the transport process to 
be made. It is also possible to investigate thermal ef
fects (e.g. temperature-dependent viscosity of the liq
uid metal), and in principle the electromagnetic effects 
of metallic liquid pore-scale flow. Future work will 
concentrate on highly detailed investigation of the mi
croscale physics of Fe metal-silicate melt segregation 
as a precursor to planetary core formation through 
combined experimental and numerical study.
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AND DATA. M. J. Smith1, N. Petford1 and L. Xiao2, 1 School of Earth Sciences and Geography, Kingston Univer
sity, Kingston-upon-Thames, Surrey, KT1 2EE, UK (michael.smith@kingston.ac.uk). 2 Research Center for Space 
Science and Technology, China University of Geosciences, Wuhan, Hubei, 430074, China.

Introduction: Geographic information systems 
(GIS), and more specifically remote sensing, have been 
used within the geosciences for well over two decades. 
In that time, the ability to handle a variety of increas
ingly voluminous data (both vector and raster) has al
lowed continued data analysis and exploitation within 
mainstream GIS. The uptake and use of GIS has not 
been mirrored within the planetary sciences, partly 
because of: 1. the origin of much research within as
tronomy; 2. lack of digital data; 3. the geo-centric na
ture of many GIS. The rapid advancement in the quan
titative facilities of GIS has seen extensive application 
on Earth, with more limited use within planetary re
mote sensing. This abstract briefly explores how we are 
now seeing a convergence between the use of GIS, 
application of new techniques and availability of data.

Software: GIS software products were historically 
based around their application domain (e.g. remote 
sensing). Genetically, this meant software oriented 
around raster (e.g. Clark Labs IDRISI) or vector (e.g. 
ESRI ARC/INFO) processing. Developments over the 
last decade has seen the integration of vector and raster 
data models in to single, unified, products, that can 
handle large data sets, in different coordinate systems 
and consistently apply quantitative processing. It is 
particularly notable that ESRI’s ArcMap integrates 
raster and vector visualisation and processing within 
one graphical user interface. With the release of ver
sion 9.0 ArcMap natively supports coordinate systems 
of planetry bodies. However commercial GIS are pro
prietary systems and support of planetry bodies is lim
ited. For example, within ERDAS Imagine there is 
currently no way that a Martian coordinate system can 
be added by the user. It is hopeful that work by the 
Open Geospatial Consortium (OGC) [1] will make the 
inclusion of coordinate reference systems easier.

Quantitative Techniques: One of the benefits 
brought through the use of mainstream GIS applica
tions is the simplified working environment and im
plementation of a variety of quantitative techniques. 
This can involve simple procesing such as contrast 
enhancements or convolution filtering [2], through to 
more complex techniques like principal components 
analysis or fourier transforms [3]. In understanding the 
evolution of planetary bodies, it is necessary to map the 
geographic distribution of surface features. A 
1:200,000 scale series of topographic maps was 
planned for the Mars96 mission [4], The loss of the 
mission meant that this project was delayed until the

successful deployment of the High Resolution Stereo 
Camera (HRSC) on board Mars Express [5]. This proj
ect will provide a base line from which further topo
graphic analyses can proceed and will use satellite 
based photogrammetry. The deployment of technolo
gies that have been successfully applied on Earth (e.g. 
use of stereo ASTER data [6]) will mean the acquisi
tion of stereo imagery and generation of high resolu
tion digital elevation models (DEM). This will allow 
detailed visualisation [7] and analysis that has already 
been successfully used with Mars Oribter Laser Al
timeter (MOLA) data (e.g. slope asymmetry [8]). 
DEMs have been used extensively within geomorphol
ogy from measurements of surface roughness [9], to 
hydrological modelling [10] and hypsometric studies 
[11]. Many of the quantitative advances that are being 
made using geographic data are implemented within 
GIS and are therefore easily transferrable to other 
planetary bodies.

Remote Sensed Data: Perhaps one of the biggest 
advances in the use of GIS within planetry remote 
sensing has been the increasing ease of access to pro
jected digital datasets [12]. This is in part due to suc
cess of many recent (e.g. Mars Express, Mars Odyssey, 
Mars Global Surveyor) and on-going (e.g. Mars Re
connaissance Orbiter, Venus Express) missions. In 
particular, HiRISE (aboard MRO) will offer very high 
resolution imagery [13] that is better than the best 
Earth orbiting commercial systems. This will provide 
unprecented detail of the effects decimetre scale sur
face processes. In addition to the panchromatic and 
multi-spectral imageiy that is currently available, sur
face elevation in the form of DEMs has been made 
available by the MOLA and the on-going HRSC mis
sion. The MOLA data sets are significant in that a 
near-global DEM of Mars, at resolutions up to --468 m 
per pixel, are available offering a detailed description 
of the Martian topography. Such data sets form impor
tant inputs to GIS for subsequent analysis and model
ling.

Example Application: Figure 1 shows an example 
of the visualisation of MOLA data for the region be
tween Olympus Mons and Pavonis Mons. Whilst a 
standard grey-scale image (A) shows little topographic 
detail, a relief shaded image (B) offers insight in to 
variations in morphology. However this image is bi
ased as a result of the azimuth of illumination [14]. 
Non-azimuth biased visualisations are presented in C 
(slope) and D (local contrast stretch). The additional
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information presented allows the evalua
tion of considerably more morphological 
detail.

For example, the volcanic cones 
shown in Figure 1 show evidence of both 
impact deformation (cratering) and also 
eruption, the latter represented by a small 
flow that produces a distinct asymmetry 
in cone geometry seen in slope image 
(Figure 1c). The structure of the surface 
around the cones is also clearly high
lighted. Linear features running approxi
mately N-S may be collapsed dykes that 
both terminate and emanate from the vol
canic centres. Closer examination may 
reveal cross cutting relationships and also 
information on dyke widths, a critical 
parameter governing magma flow rate.
The high resolution images shown here 
can also be used as the basis for finite 
element numerical models aimed at quan
tifying cone collapse and lithospheric 
stress fields. Integrating structural, vol
canic morphology and numerical data into 
a GIS should allow more complex models 
of Martian magma systems to be made in 
future.

Conclusions: This abstract has
briefly presented how the use of GIS has been adopted 
in the study of surface features on Earth. When com
bined with appropriate remotely sensed data and tech
niques for the analysis and modelling of terrain, 
geoscience can take full advantage of the research 
methodologies available. Planetry science has been 
slower at adopting this technology, partly a result of 
the geo-centric focus of GIS and partly due to the 
availability of digital data. Planetry coordinate systems 
are slowly being adopted by commercial GIS vendors 
and. with readily available projected digital data, the 
full application of GIS techniques will be available to 
all planetry researchers.
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Introduction: Several cryovolcanic landforms
have been interpreted on Titan, indicating a broad 
range of eruption styles and rheological properties 
[1,2]. We are developing a semi-analytical model for 
the ascent of methane-expansion driven ammonia- 
water cryomagmas on Titan, based upon a silicate 
magmatic conduit flow model [3]. Some preliminary 
results are presented based on thermodynamic analy
sis. The degree of crystallisation of the magma is 
strongly controlled by the starting depth/pressure. The 
range of different crystal fractions may help to explain 
the range of apparent rheological properties inferred 
for surface features [2].

Thermochemistry: We consider ammonia-water 
solutions [4] with initial ammonia concentrations <32 
wt% (ammonia dihydrate peritectic), consistent with a 
very water-rich bulk composition dictated by cosmo- 
chemical and orbital evolution considerations [6]. The 
negative buoyancy of most ammonia-water magmas 
(except dihydrate compositions near the eutectic) may 
be overcome, as the overpressure for refreezing (107 - 
108 Pa) in magma chambers exceeds the lithostatic 
pressure required to cause a surface eruption by large 
driving pressures [6], Crustal density may also be 
greater than that of pure water-ice, as a result of mete
oroid impacts, although this effect may be offset by 
near-surface fracturing and porosity. However, we 
consider it likely that magma ascent is driven by the 
expansion of methane during decompression, because 
methane is seen in abundance in Titan's atmosphere, 
was detected on the surface by the Huygens probe [7] 
and has appropriate volatility under relevant condi
tions. Exsolution of methane from the cryomagma is 
not modelled, due to the lack of a treatment for solubil
ity in, and latent heat of exsolution from, ammonia- 
water mixtures; we treat only the behaviour of meth
ane after its exsolution. We do not as yet consider the 
possibility of cryomagmas composed of sulphates [8]. 
organics such as methanol (e.g. [9]) or volatiles other 
than methane such as ethane, as currently-available 
thermochemical data is insufficient and no increase in 
model complexity is justified by the data.

The eruptants are considered to be Newtonian and 
3-phase: solid water Ice-1 (H:0), liquid ammonia hy
drates (NH3)X(H20)(1.X) and gaseous/supercritical meth
ane (CH4). Liquid and solid phases are assumed to be 
incompressible, and the methane is treated as an ideal

gas, which provides a good first order fit over the pres
sures considered. Mixture viscosity is derived based 
on empirical data [9], modified to take into account the 
effect of solid crystals using a method [10] based on 
the lubrication limit concept of particle interactions. 
Solid fraction (we assume freezing out of ice forms 
crystals rather than glasses) is determined using the 
ammonia-water equation of state ([11] summarized in 
Fig. 1). Freezing of pure water-ice during decompres
sion and cooling will drive the cryomagma to more 
ammonia-rich concentrations. If energy is extracted 
faster than water freezes then it is driven toward the 
eutectic between ice and ammonia dihydrate, which is 
shifting to higher ammonia concentrations above peri
tectic temperatures.

Liquid

.1 MF>

Ice I + Liquid

Concentration (weight % NHj)
Fig. 1: Liquidus for ammonia hydrates at sub-peritectic concentra

tions of ammonia for a range of pressures Source: [11]

Dynamics: Decompression and ascent of the cry
omagma under adiabatic conditions results in tempera
ture and phase changes according to the relation (from 
conservation of energy, after [3]):

c dr = /2H2o.fusion - ("Jm / /?m) dP - m dw - g dr (1),

where c is the bulk specific heat capacity of the erup
tants, T is the temperature, /tmo.fusion is the latent heat 
of fusion of ice. ms is the mass fraction in ice, mm is the 
mass fraction of the cryomagma (solid + liquid) and pm 
is its density, P is the bulk pressure, u is the ascent 
velocity, g is the surface gravity, and z is the elevation. 
The physical meaning of the second expression on the 
right-hand-side of (1) might not be immediately obvi
ous; combined with u du it represents an amalgamation 
of viscous dissipation and gas expansion.

Analysis: Solution of (1) reveals that adiabatic 
temperature changes during ascent are generally small
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(typically a few K.), even when from a great depth. 
The 2nd and 4th expressions of (1) are almost equiva
lent, and so, assuming a pure water-ice crust {pc - 920 
kg m'3), rates of temperature loss are <0.01 K/km, pri
marily due the need to overcome negative buoyancy. 
Titan’s geothermal gradient is estimated to be -1-2.5 
K/km, and so eruptions sourced from reservoirs in the 
crust that have time to cool to ambient temperatures 
will generally erupt at much lower temperatures than 
given above. The kinetic energy term (w d«) has a 
small effect on temperature unless eruption speeds are 
very fast (» 50 m s'1), which is only likely if activity 
is highly explosive. Any cumulative temperature 
drops may also be partly buffered by latent heat of 
crystallisation of water. Crystallisation or glassifica
tion, therefore, will mostly be due to decompression. 
Increase in ammonia concentration can be inferred 
directly from Fig. 1, and crystallization fraction is 
unity minus the ratio of starting and finishing concen
trations.

Mitri et al. [6] propose that cryovolcanic processes 
are related to bottom crevasse formation in an ice shell 
floating on an ammonia-water ocean (at -70 km, inter
face temperature -244 K), transport of ammonia-water 
pockets to the base of the stagnant lid by convective 
motions in the ice, refreezing of chambers of ammo
nia-water at the base of the stagnant lid. Moreover, the 
formation of chambers can occur at a depth of the or
der of kms from the surface, consistent with interpreta
tions of calderas in SAR imagery [1,2]. Note that for 
the cryomagma chemistries being considered, forma
tion of shallow magma chambers is only likely if the 
melt is near-eutectic ammonia dyhydrate, or if the 
crust contains a significant fraction of denser materials 
(e.g. iron or silicate delivered by impactors); otherwise 
the magma will be negatively buoyant. Negative 
buoyancy effects are further enhanced near the surface 
due to increased impact fracturing and porosity, and so 
either source overpressure or driving volatile expan
sion is probably necessary for cryomagmatic eruptions.

Eutectic starting concentrations are assumed, as 
eruption initialization is probably caused by overpres
sure resulting from ice-crystal growth [6]. We find 
that the degree of crystallisation during ascent is dis
proportionately greater from a greater depths. We 
consider two end-member scenarios, inspired by [6]: 
(1) A deep eruption from a bottom crevasse sourced 
from a magma ocean, (2) A shallow eruption from a 
near-surface magma chamber.

Deep eruptions. Eruptions directly from an am
monia-water ocean [6] represent the deepest plausible 
magma source. Assuming a pure water-ice crust we 
get a starting pressure at 70 km of -91 MPa. Given 
NH3 starting concentrations at the eutectic (-13 wt%)

at this pressure, the process of decompression and 
cooling would result in ice crystallisation of -30 wt%, 
a final cryomagma NH3 concetration of -18.5 wt%, 
and an -9 increase in bulk viscosity. The final crys
tal fraction could be increased significantly if the pres
sure at depth were greater. A 200 MPa reservoir, for 
example, could result in crystallization of -60 wt%, 
and an -80 increase in bulk viscosity.

Eruptions from shallow magma chambers. Crys
tallisation during adiabatic ascent is minimal (just a 
few wt%). However, initial indications are that the 
erupted materials associated with apparent calderas 
can have a considerable yield strength [2], inconsistent 
with ammonia-water mixtures with small crystal frac
tions. Five possible explanations exist: (1) crystallisa
tion occurred within the magma chamber, (2) crystalli
sation occurred after eruption, (3) the eruption was 
sufficiently slow that the magma cooled during ascent 
due to loss of heat through conduit walls, (4) the 
chemistry is not pure ammonia-water (e.g. methanol
[9] ), and (5) the magmas did not erupt from shallow 
magma chambers.

Discussion: Our model indicates that methane- 
driven ammonia-water eruptions are possible on Titan, 
but this does not exclude other chemistries, which 
were not explored here. The eutectic starting concen
tration assumption is questionable. Equilibrium crys
tallization may also be suspect, as supersaturation can 
occur in both silicates and cryomagmas. However, as 
this is difficult to sustain over long timescales, we con
sider its effect is likely to be small. A more critical 
limitation of the method described is if ammonia con
centrations are so high that the local temperature is 
above the eutectic. Starting temperatures are also 
likely to be elevated relative to the ambient geothermal 
gradient when erupted from crustal reservoirs, as the 
process of partial freezing due to cooling is a viable 
initiator for cryovolcanic eruptions. Further theoretical 
chemistry and/or laboratory work will be necessary to 
produce a more rigorous analysis of likely styles of 
cryovolcanic eruptions over a range of compositions.
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Introduction: We are developing models for the 
ascent and eruption of cryomagmas on Titan, based 
largely upon previous silicate magmatic conduit flow 
models and modified for assumed ammonia-water 
chemistry. Preliminary results based on thermody
namic analysis are presented elsewhere [1]. Here we 
present an analysis of likely eruption styles resulting 
from a range of input conditions, and compare these 
with current observations of likely cryovolcanic fea
tures on Titan. Several candidate volcanic features 
from Ta observations are discussed.

Explosive eruptions: To date, no explosive fea
tures have been interpreted on the surface of Titan 
based on remotely sensed data. On the Earth, explo
sive volcanism tends to occur when the erupting mix
ture is dominated by gaseous volumes, typically when 
the volume fraction of gas exceeds ~74% [2]. We 
assume an ammonia hydrate magma with a density of 
950 kg m'3, containing methane modelled as an ideal 
gas. Under Titan’s 1.5 bar atmospheric pressure, a 
minimum of 0.35 wt% methane is required to produce 
magma fragmentation, given 176 K eruption tempera
ture and a lithostatically pressure-balanced conduit. 
This figure will decrease down to a possible 0.25 wt% 
if temperatures are significantly elevated. Such mass 
fractions are similar to those of CO2 in mild basaltic 
Hawaiian fire-fountaining episodes. However, it is 
necessary for the gas to remain dynamically well- 
coupled with the ascending magma. On the Earth, 
magmas with several times the mass fraction required 
to produce fragmentation can produce non-explosive 
activity if magma and volatiles become decoupled [3], 
which is likely if bubbles coalesce due to slow ascent 
and/or inclined conduits, or if supersaturation or con
duit overpressure occurs. This possibility is enhanced 
at low viscosities, often resulting in effusive or Strom- 
bolian styles of activity. Given the low viscosities of 
ammonia hydrates, we consider such phase separation 
to be highly likely. Unfortunately, a thorough analysis 
of methane solubility in ammonia hydrates is not 
available, but early indications are that it is low [4], at 
least compared with that in pure water, which may 
limit the availability of methane for fueling magma 
ascent and erupton.

Effusive eruptions feeding lava flows: Although 
several candidate lava flows were observed in the Ta

SAR scene, our ability to model these is limited by the 
lack of availability of high resolution topography. 
Kirk et al. [5] presented a preliminary analysis of one 
of these flows, consisting of two sequential lobes each 
~40 km in length, emanating from a bright-rimmed 
circular feature (41°W, 47°N) interpreted as a caldera. 
It exhibits an unusually bright near-edge and dark far- 
edge across the flow, over its entire observed length, 
and appears to be relatively photometrically uniform, 
so is a candidate for morphometric analysis using a 
prototype radarclinometric method. Preliminary find
ings for one transect suggests a thickness of -200-300 
m, with maximum cross-flow slopes of -7° [5,6], Us
ing a simple Bingham plastic flow model [6], these 
slopes suggest a yield strength of ~I04 Pa, which is 
comparable to that of basaltic andesites on the Earth.

If the flow morphology were controlled primarily 
by bulk rheological characteristics in a similar manner 
to terrestrial silicate magmas, it would have probably 
exhibited a high effective bulk viscosity (»104 Pa s, 
inferred from past terresfrial studies, e.g. [7]). How
ever, in liquid form, ammonia-water cryomagmas ex
hibit weaker and less viscous properties than terrestrial 
silicates [8], We propose three possible explanations 
for this apparent inconsistency: (1) the flow has a pre
dominantly solid fraction (from [9]), as a result of 
cooling during ascent (unlikely at emplacement in the 
light of our conduit ascent analysis [1]), ingestion of 
lithics, and cooling during surface flow (note that 
proximal levees appear similarly thick to distal ones); 
(2) solid (ice) and liquid phase separation, resulting in 
the formation of a strong crust; (3) more viscous chem
istry than modeled, such as the addition of methanol 
[8]; or (4) eruption into a standing body of methane, 
resulting in pillow formation [10], which seems 
unlikely due to the apparent regional gradient inferred 
from flow directions [6].

Other flows observed in Ta are not so well suited 
to radarclinometry, due to apparent photometric vari
ability. However, our qualitative assessment suggests 
that most others have less pronounced levees.

Dome forming eruptions: Volcanic domes form 
when eruption rates are low, probably due to partial 
solidification in the conduit of rising magmas leading 
to increased viscosity and yield strength. Their behav
iour depends on the eruption rate, magma rheology
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and thickness of the cooling surface or crust (Fink and 
Griffiths. 1998). A dome's morphological characteris
tics can be related to the physical and flow properties 
using the following relationship:

^B = /s//A = (^Ap/o)3e/s (1),

w here Tg is the dimensionless ratio of the time neces
sary for fresh magma exposed at the surface to reach 
its solidification temperature. fs. and. the time needed 
for the viscous flow to advance a distance equal to its 
thickness, /A. Also, g is the acceleration due to gravity, 
Ap is the density contrast between the flow and its 
environment, a is the dome bulk strength and Q is the 
eruption rate [12]. Analysis of the equation suggests 
that for given eruption properties. 'Fb should be less 
on Titan than on the Earth by greater than an order of 
magnitude. However, ammonia-water cryomagma 
strengths are also likely to be considerably less than 
those of silicate magmas, as inferred from their lower 
viscosities, offsetting much of this difference.

Ganesa Macula. One feature, an -180-km circular 
rise of unknown height detected by the Radar in SAR 
mode [13] named Ganesa Macula (fig. 1), has a mor
phology remniscent of “low” [14] or “axisymmetric” 
[11] silicate domes, although a shield volcano ana
logue has also been suggested [6], If the dome inter- 
pretationn is accepted, then this is suggestive of rela
tively low yield strengths and/or high effusion rates 
(4/b > 15). Note that domes of this areal extent have 
never been observed elsewhere. The SE flanks of Ga
nesa exhibit a higher density of fractures and flows 
than elsewhere. This is roughly the same orientation 
as the direction of other flows in the rest of the Ta 
SAR scene, suggesting that the pre-existing surface 
exerted some control on their orientation. The mor
phology of putative flows emanating from the south 
and east sides of Ganesa is not indicative of viscous 
flows: they are instead thin, sheet-like and broad. 
This, we suggest is the result of eruption of crystal-

depleted cryomagmas following partial or complete 
solid and liquid phase separation. An attractive anal
ogy would be that of a “snow cone” or some other 
partially-frozen slurry drink containing insufficient 
emulsifier to completely bind the syrup to the ice crys
tals. The liquid component is overpressured due to a 
hydraulic head, and will tend to be driven gravitation
ally through the interconnected pore spaces. Sector 
collapse may also play a role, particularly in initializ
ing the larger flows.

Discussion: A broad range of probable cryovol- 
canic features have been discovered on Titan, by Ra
dar and near-IR mapping from Cassini, and understart
ing their complex formation histories will be difficult. 
The very preliminary analyses presented here suggests 
that crystallization and phase separation, and the proc
esses that affect them, are likely to be critical in under
standing the morphological differences between land- 
forms. Further advances will be made possible by the 
acquisition of topographic data on the imaged land- 
forms, as well as rheological and chemical lab meas
urements of candidate cryovolcanic materials.

References: [1] Mitchell K.L. et al. (2006a) LPS 
XXXVU, Abstract #2355. [2] Sparks R.S.J. (1978) JVGR, 3, 
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Figure 1: Map of the ~180 km diameter Ganesa Macula (GM) and its surrounds, with CTRM SAR Ta scene as a backdrop. Units are defined 
based on morphological appearance and radar brightness Note the tendency towards eastward flows (indicated by light arrows).
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Fission trade analysis as a geochronologicnl, end trore recently a 
palaeotbencal technique is a lengthy process, often complicated by 
problems of track recognition. While recent developments in com- 
pnterized track counting systems should lead to improved efncieccy, 
they stil] rely on transmitted light as the principal means of track 
detection, and do not deal with the problem of track recognition. 
We present here some preliminary results using cocfocal scanning 
laser microscopy (SLM) of a study of fission trcc’is in apatite from 
the Fish Canyon tuff, and show how the technique can lead to 
improvements in track identification.

Defects formed in solids as a result of the spontaneous 
fission of the heavy nuclide are called fission tracks 
(Silk & Barnes 1959) and are found in a number of 
geologically important uranium-bearing phases including 
micas, titanite, zircon and apatite. The analysis of fission 
tracks has, until quite recently, been primarily concerned 
with age determination where it has proved useful in both 
the earth sciences and archaeology (Fleischer et al. 1975). 
More recently, the recognition that at elevated temperatures 
the tracks become unstable and ultimately anneal (Naeser 
1981; Green et al. 1986), has led to the study of track 
lengths, especially in apatite, where track annealing occurs 
over the hydrocarbon maturation window temperature. 
(Gleadow et al. 1983).

Although the study of fission track length data promises 
to be a useful tool in evaluating palaeotemperatures in some 
sedimentary basins (Gleadow et al. 1983, 1986; Green 
1989), the measurements involved in both track counting 
and length determination using conventional optical 
microscopy are extremely labour intensive, often com
pounded by difficulties in resolving tracks from spurious 
crystalline defects. In an attempt to speed up the 
measurement process, several groups have recently outlined 
techniques for computer-aided track counting systems 
(Birkholz et al. 1989; Wadatsumi & Masumoto 1989). 
Although these systems may possess the potential to count 
track densities, they still rely upon transmitted light as the 
principal viewing medium, and thus do not represent an 
improvement in track recognition. This paper shows how 
the technique of confocal scanning laser microscopy (SLM) 
can be used to enhance track recognition, and to provide the 
means for the measurement of the lengths of tracks that are 
at high angles to the plane of section.

Esperimemtal procedure. Confocal scanning laser micros
copy is achieved by combining an optical microscope 
system with a 488-514 nm laser light source. The beam is 
set to scan point to point over a fixed sample, and in

doing so builds up an image that can be viewed on a TV 
monitor and stored in a digitized form on an optical disk. 
The principle behind confocal microscopy is that both illu
mination and detection are confined to the same spot on 
the sample, so that when spot limits are small enough to 
be set by diffraction, a sharp, high resolution image with a 
very shallow depth of field (0.1 pm) is obtained (Wilson & 
Shepherd 1984). Scanning is then performed at different 
depth increments within the sample, and a combination of 
confocal images from different levels can be used to con
struct an internal 3-D image of the mineral. It is this 
ability of the SLM technique to ‘look’ inside minerals at 
greater resolutions than the average length of etched fis
sion tracks (10-20 pm) that provides a basis for efficient 
track recognition.

Results. For this investigation, the sample chosen was an 
apatite fraction from the Fish Canyon Tuff, a standard of 
known age commonly used for interlaboratory calibrations 
in fission track dating. The tracks, representing the spon
taneous decay of 238U have been etched in 5N HN03 for 
20 seconds, enlarging them sufficiently to be seen clearly 
under a high powered (x800-x 1500) optical microscope.

Figure 1 is a stereo pair produced using SLM. The 
photograph is made up from a stack of 32 confocal images 
taken at 0.2 |zm depth intervals and then electronically 
processed so that the fission tracks (clearly visible as white 
streaks) are viewed as from inside the apatite grain, look
ing towards the surface. When viewed stereographically, 
the majority of tracks can be clearly traced from their 
etch holes, represented as dark ovoid shaped structures on 
the crystal surface, to their terminations. For comparison, 
Fig. 2 shows a typical view of fission tracks, also taken on 
the SLM system, but using conventional transmitted light. 
Although tracks are visible in Fig. 2, they are by no 
means as well defined as in the confocal image, where the 
fine (and differing) shape and detail of individual tracks

Fig.l. Confocal SLM micrograph of an etched apatite, compiled 
from a stack of 32 separate images taken at 0.2 /im increments. The 
image has been processed to show a view towards the surface as 
seen from a depth of 6.4 ^m. The tracks appear as white 
semi-translucent structures that differ considerably in morphology 
and intensity (compare with Fig. 2). Where tracks intersect the 
surface they are marked by dark, oval-shaped etch pits. TINT is a 
confined track that has been intersected by a second track and 
subsequently etched. The parallel lines marking the grain surface 
are polishing grooves. Scale bar, 25 pm.
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Fig. 2. Fission tracks in transmitted light. Although many tracks are 
discernible, the image lacks the fine detail seen in Fig. 1, and track 
resolution becomes difficult in regions of high track density. Scale 
bar, 25 fim.

are clearly visible. The track marked TINT (track in 
track) in Fig. 1 is especially interesting as it represents an 
example of a confined track that has been exposed to 
etchant via a surface intersecting track. Because confined 
tracks represent true track length, unmodified by the pol
ishing process used in track preparation, their measure
ment currently forms the basis for all track length studies. 
An interesting feature of this track (and many others) is 
the lack of bulbous terminations supposedly indicative of 
complete etching. The track length is 13 fim. Other fea
tures include the clearly tapered nature of many tracks 
away from their etch holes, and the differences in in

dividual track development. These and other features of 
track morphology are currently under investigation.

Conclusions. In transmitted light, track density and length 
measurements are hindered by difficulties in recognition 
and the need to know how the track lies in the plane of 
observation. These problems can be overcome using SLM, 
where the 3-D nature of the confocal image provides an 
efficient means of track recognition and the ability to 
simply count track holes as a measure of track density. 
Further work, involving the combination of the digitized 
images obtained from the SLM system with image analysis 
software is currently being undertaken.

This work was carried out on a Bio-Rad MRC 500 confocal 
scanning laser microscope at the Medical Research Centre 
Laboratory of Molecular Biology, Cambridge. We kindly thank B. 
Amos for his help and enthusiasm and A. Carter for the loan of the 
Fish Canyon tuff samples.
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Abstract

Confocal scanning laser microscopy (SLM) is a relatively new technique designed to 
generate detailed three-dimensional images of the interiors of solid materials by probing 
them with laser light. Although used routinely in the life sciences, SLM appears to have 
escaped die attention of the mineralogical community. The method offers a nondestructive 
means of examining in detail the internal three-dimensional geometry and structure of 
crystalline defects at resolutions of less than 0.5 pm.

This paper reports the results of a study using confocal SLM to record and measure the 
three-dimensional onentation of selected fission tracks in apatite grains from the Fish 
Canyon Tuff We show how individual SLM images can be electronically enhanced using 
image analysis software and then combined into three-dimensional stacks, where the true 
fission-track length and orientation can be accurately measured. Three-dimensional mea
surement of inclined fission tracks is not possible in transmitted light, the principal me
dium used m state-of-the-art fission track analysis systems. Confocal SLM provides one 
way o overcoming some of the limitations inherent in these systems and may ultimately 
lead to an improved computer-aided track-counting and -measuring system.

Introduction

Fission tracks are micrometer-sized damage trails that 
form in U-bearing minerals such as apatite, titanite, and 
zircon through the spontaneous decay of the radionu
clide 238U. Although initially the tracks were studied us- 
mg transmitted electron microscopy (Silk and Barnes 
1959), fission-track analysis (FTA) is currently undertak
en with conventional light microscopes on tracks that have 
been enlarged by chemical etching.

Fission-track data, which consist essentially of track- 
density and track-length measurements, can be used to 
date geological and archeological material (Fleischer et 
al., 1975) and to provide information about the tectono- 
thermal histories of orogenic belts (Zeitler, 1985; Green,
1986). More recently, with the realization that fission 
tracks in apatite anneal over the hydrocarbon maturation 
window (ca. 70-120 °C), the technique has been used to 
help reconstruct the paleothermal environments in some 
sedimentary basins, with encouraging results (Naeser, 
1981; Gleadow et al., 1983, 1986; Green, 1989).

The track-density and track-length measurements in
volved in FTA using conventional light microscopy can 
be extremely labor intensive, and for inexperienced ob
servers there is the added complication of distinguishing 
tracks from spurious crystalline defects. Furthermore, pa
leothermal studies and the successful dating of geologi
cally young material often require large amounts of ma
terial to be processed. In order to speed up the analytical 
procedure, a number of semiautomated measurement 
systems have been proposed recently (Birkholtz et al 
1989; Wadatsumi and Masumoto, 1989; Rebetez et al,
0003-004X/92/0506-0529$02.0Q

in preparation). However, all these systems use transmit
ted light to view tracks and do not fully address the prob
lem of track recognition. Perhaps more importantly, these 
two-dimensional systems are incapable of resolving how 
fission tracks lie in the third dimension, ■-'thus providing 
no useful information about track shape or spatial distri
bution. As real size distribution and shape measurements 
are only possible in three dimensions (De Hoff, 1983), a 
knowledge of these properties is an important prerequi
site in any automated or semiautomated track-analysis 
system.

In this paper we expand on ideas first presented by 
Petford and Miller (1990) find show how the relatively 
new technique of confocal scanning laser microscopy 
(SLM), when combined with image-analysis software, can 
both enhance track recognition and show the true three- 
dimensional form of selected fission tracks in apatite.

Fission track measurements

Figure 1 shows the various types of track arrangements 
one can expect to find in a mineral such as apatite. Al
though fission tracks are distributed randomly through
out the crystal volume, some, known as surface tracks, 
will intersect the polished surface of the grain. During 
etching, any surface tracks that by chance happen to in
tersect confined tracks (i.e., those that do not cut the grain 
surface) may be enlarged by the etchant. Confined tracks 
will also be etched if they are cut by surface-intersecting 
fractures. For age determination, much of the data col
lection involves counting the number of surface fission 
tracks per unit area, regardless of their orientation. In
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Fig. 1. Schematic diagram showing some of the internal ge
ometries that fission tracks can make in a U-bearing mineral 
such as apatite. Although the confined tracks 1-3 do not inter
sect the polished surface of the grain, they can still be etched, 
and hence enlarged, if they are cut by surface-intersecting tracks 
or fractures (after Gleadow et al., 1983).

paleothermal studies, only individual track-length mea
surements are required. Although a seemingly trivial pro
cedure, it highlights a major problem faced when trans
mitted light is used to study fission tracks—that only the 
length of confined tracks that are horizontal in the plane 
of observation (confined tracks 2 and 3 in Fig. 1) can be 
measured accurately. This means that although many 
confined tracks might be fully etched in a given volume 
(i.e., confined track 1), because of their unfavorable ori
entation they are effectively unmeasurable, and much po
tential data can be undetected. The power of SLM over 
transmitted light is that three-dimensional optical prob
ing can quickly reveal how individual fission tracks are 
oriented in a crystal, thus allowing tracks that lie out of 
the plane of observation to be measured.

CONFOCAL SCANNING LASER MICROSCOPY

Confocal SLM as a technique for quantitative three- 
dimensional analysis is used routinely in disciplines such 
as histology and pathology, where the nondestructive na
ture of the technique enables three-dimensional measure
ments to be made in vivo (Pawley, 1990; Howard, 1990). 
The technique is an extension of scanning optical mi
croscopy (SOM), first developed by Young and Roberts 
(1951), where sample imaging is performed by spot illu
mination in a raster (X and T) scanning action. Surpris
ingly, in contrast to the life sciences, scanning confocal 
microscopy seems to have been largely overlooked in ge
ology, although we consider that the technique has much 
to offer.

In confocal imaging, both illumination and detection 
are confined to the same spot on the sample (Fig. 2). The 
result is a sharp, high-resolution image with a very nar
row depth of field, typically on the order of 100 nm (Wil
son and Shepherd, 1984; Wilson, 1990). Unlike other 
techniques such as SEM and TEM, high magnifications 
can be achieved without special sample preparation.

The light source for this study was supplied by a 514- 
and 488-nm Ar ion laser with the beam set to scan point

ObjectiveCondenser

Source
Object

CollecterObjective
ScannedScanned

Point detectorPoint source

Fig. 2. Comparison of transmitted and confocal microscope 
arrangements, (a) The lens arrangement in a conventional light 
microscope. In transmission, light passing through the condenser 
lens consists of an in-focus component formed in the focal plane 
of the objective lens, and a blurred component from above and 
below the objective focal plane. Illumination (source) and detec
tion (eyepiece) are undertaken separately. In contrast, with con
focal microscopy (b), the point and detector source (the latter 
aperture known as the confocal pinhole), lie in conjugate focal 
planes. Light is brought to a focal point within the sample by 
the objective lens. The collector lens is positioned so that the 
back-projected image from the focal point coincides exactly with 
the point detector. Unlike the conventional illumination in a, 
the confocal lens arrangement restricts information above and 
below the focal plane to a very narrow depth of field. By scanning 
the laser beam across the specimen, a two-dimensional optical 
section is generated.

to point over a fixed sample, building up an image as it 
goes so that it can be viewed instantaneously on a TV 
monitor. The laser system is connected to an optical mi
croscope, enabling a sample or target area to be selected 
before confocal probing. In the present study, suitable 
apatite grains were chosen in transmitted light using a 
40 x and 100x oil objective. The sample can also be 
viewed in phase contrast and fluorescence modes.

Confocal three-dimensional analysis is achieved by 
programming the microscope, by an attached computer 
console, to scan incrementally at 0.5-Mm intervals down 
through the sample, starting at the grain surface. After 
the scanning has been completed, the individual (two- 
dimensional) confocal images from different levels are 
combined into a three-dimensional Z series to show the 
interior of the sample, whose whole depth is in focus. In 
this way, confocal SLM enables the observer to look “in-
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side objects at high resolution and to examine reflective 
internal features (Fig. 3). One drawback of confocal im
ages compared with those viewed in transmitted light is 
a general reduction in image brightness; however, this can 
be easily overcome by electronically processing the stored 
confocal images.

Image processing
The controlling software for the SLM system is housed 

in an IBM-compatible microcomputer. Images recorded 
from inside the specimen are stored on disc as X Y Z 
pixel elements and can be viewed either separately (two- 
dimensional) or combined into a Z series for three-di
mensional analysis. Each confocal image has a picture 
element width of 768 pixels and a height of 512 pixels. 
Image size is approximately 350 kilobytes. A camera at
tachment to the TV monitor allows hard copies, includ
ing stereo pairs, to be made. Fission-track length and den
sity measurements can be made directly from the TV 
screen or from hard copy.

Although the raw confocal images are of considerable 
interest in themselves, the fission-track images have been 
further processed using image analysis software and an 
Apple Macintosh PC. After importing selected images 
from the IBM PC, the confocal images, reformatted as 
TIFF files, were processed using Image 1.3, an Apple 
Macintosh public domain image-analysis program. The 
images were first enhanced (segmented) in gray scale from 
their background to make track identification more easy. 
False color coding of the segmented images was found to 
be a particularly effective way of analyzing the fission- 
track population within the sample matrix and of study
ing track morphology.

Results
The sample material used in this study was an apatite 

fraction from the 27.8-m.y.-old Fish Canyon Tuff an in
terlaboratory standard used for fission-track age calibra
tion. Most of the tracks have formed through the spon
taneous decay of 238U and have been etched in 5N HN03 
for 20 s to make them visible under an 800-1500 x op
tical microscope. Figure 4a is a gray-scale-enhanced im
age of an etched surface track, similar to that shown sche
matically in Figure 1. The image is a composite Z series 
made up of eight two-dimensional optical sections. Fig
ure 4b shows the same track in false color, with the body 
of the track (green) thickening upward from its rounded 
termination inside the apatite grain to a diamond-shaped 
exit hole at the grain surface (marked as e in Fig. 4a).

Although the apparent track length, in this case 8 Mm 
is easily measurable in transmitted light, the true track 
length can only be found if the vertical distance (Z) from 
the grain surface to the base of the track is known. Using 
SLM, Z was determined by simply following the track in 
a vertical plane (at step intervals of 0.5 ^m) from the 
surface to its termination inside the grain. The true length 
of 8.9 fim was then calculated using the Pythagorean the
orem.

Fig. 3. Confocal SLM image of a mica detector used to mea
sure the amount of fissioned 235U produced during the thermal 
irradiation of apatite grains. Black, diamond-shaped particle en
try holes (formed by fission fragments emanating from the apa
tite sample) mimic the crystal symmetry of the mica. Near-sur
face (<0.5 Mm), low-angle fission tracks produce distinctive zebra 
interference patterns. Scale bar = 10 Mm.

Figures 4c and 4d show a stacked Z series made up of 
12 images at 0.5-Mm step intervals. The Z series starts at 
the gram surface and extends to a depth of 6.0 Mm inside 
the mineral. Both images show a brightly reflecting, hor- 
izontal fission track that has been segmented in gray scale 
(Fig. 4c) and processed in false color (Fig. 4d). The image 
is of interest, as the accurate measurement of confined 
horizontal fission tracks forms the basis of many paleo- 
thermal studies. Seven diamond-shaped etch holes can 
a so be seen, each representing a subvertical fission track 
Although the horizontal track is confined, it has been 
etched along its length by a vertical, surface-intersecting 
track (cf. confined tracks 2 and 3 in Fig. 1). The true 
length of the confined track is 12.3 nm. The topography 
seen in both images is an artifact caused by polishing 
grooves at the grain surface.

Once a Z series has been made, the position (depth 
from the grain surface) of any horizontal track inside a 
grain can be easily established. Figure 5 shows a series of 
lour segmented false-color images that together represent 
a vertical slice through the horizontal track shown in Fig
ure 4. The range of colors from deep blue to yellow through 
the sequence is related to increasing pixel intensity. The 

rst image (Fig. 5a) is from 3.0 Mm inside the grain, and 
shows the irregular upper surface of the track. Note the 
reflections from the surface polishing grooves are still vis
ible as white streaks. Figure 5b is an image from 4.0 
inside the grain, and 1.0 Mm inside the fission track. Here 
pixel intensity (yellow) is at a maximum, and the well- 
developed track has a near-perfect symmetry, tapering 
away from the etch point near the track center. The upper 
(northern) section of the track has a length of 5.85 Mm, 
whereas the lower (southern) section is slightly longer at 
6.50 Mm. In Figure 5c, taken at a depth of 4.5 Mm. track 
definition, although still good, is starting to fade, and pix-
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Fig. 4. (a and b) Surface intersecting fission track in scanning 
confocal laser light projected through eight optical sections at 
0.5-Atm intervals, (a) Segmented 256 gray-scale fission-track im
age. (b) False color image of the same track. The structure within 
the track is probably the result of internal reflections and is sim
ilar, although not as pronounced, as the zebra interference fring
es seen in low-angle tracks in Figure 3. The track length is 8.9 
jum and has a dip of 28.9° from the grain surface, marked in a 
by a diamond-shaped etch pit (e). Depth of field, 4.0 Atm. Scale

bar = 2.0 fim. (c and d) Horizontal, confined fission track in 
scanning confocal laser light, projected through 12 optical sec
tions at 0.5-Aim intervals, (c) Segmented 256 gray scale image. 
Note the increased reflectance of the track compared to the in
clined track in a and b and the lack of interference fringes. The 
parallel lines, marking the surface of the grain, are polishing 
grooves, (d) The same image in false color. The surface of the 
grain is clearly marked by a series of diamond-shaped etch pits. 
Depth of field = 6.0 nm. Scale bar = 2.0 Aim.

el intensity is lower. The final image (Fig. 5d) is from 5.5 
Aim inside the apatite grain, and represents more or less 
the base of the track with respect to the vertical Z series. 
Note that at this depth, surface reflections are absent, 
although some internal reflection from within the track 
is visible. The track width is ca. 2.5 Aim.

Conclusions

SLM confocal microscopy, combined with image anal
ysis software, can provide more detailed two-dimension
al and, more importantly, three-dimensional information 
about both the morphology and internal geometry of fis
sion tracks than is obtainable using conventional light 
techniques. Furthermore, the electronic nature of the 
stored images is ideal for computer-aided data measure
ment and manipulation. Although automatic measure
ment of three-dimensional images is beset with many of 
the problems associated with conventional two-dimen
sional images, serious efforts are now being made in the 
biological sciences to produce software that will analyze 
three-dimensional binary SLM images automatically 
(Gesbert et al., 1990). A similar approach to fission track 
analysis using SLM techniques will, we believe, provoke 
a second generation of more efficient semiautomated track 
analysis systems. The technique also has potential in oth
er branches of mineralogy, for example, in fluid inclusion 
and microstructural studies, where three-dimensional 
analysis could provide useful information about the in
ternal distribution of crystalline defects.
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Fig. 5. Selected Z series through the horizontal fission track shown in Figures 4c and 4d, (a) The vertical series starts 3.0 Aint 
inside the apatite grain, where the top of the track is starting to take shape, (b) A fully defined track image is seen at a depth of 4.0 
Aim (i.e., 1.0 Aim inside the fission track), (c) At a depth of 4.5 Aim, track resolution is starting to be lost, (d) At a depth of 5.5 Aim, 
the track is almost gone, although some internal reflection from above can still be seen. Depth of field, corresponding roughly to 
track width, is 2.5 Atm.
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Introduction
Confocal scanning laser microscopy (CSLM) as a 
technique for quantitative 3-D analysis is used 
routinely in disciplines such as histology and 
pathology where the non-destructive nature of the 
technique enables 3-D measurements to be made 
in-vivo, (eg 1). In contrast to the life sciences, 
scanning confocal microscopy seems to have been 
largely overlooked in geology, particularly those 
branches of the science such as petrology and 
mineralogy where the examination of rocks under 
the microscope is a routine procedure. However, 
recent work (2) has shown that the technique has 
much to offer earth and materials scientists, 
especially those concerned with the three 
dimensional orientation of crystalline defects and 
the analysis of mineral surfaces. In this article, 
I show how CSLM can be used to study the 
orientation of fission tracks (linear crystalline 
defects formed by the spontaneous fission of 
238U) in apatite and mica, and to examine the 
geometry of chemical zonation seen in minerals. 
The technique can also provide important 
information about the topography of mineral 
surfaces.

Confocal SLM
A large (and rapidly growing) technical literature 
on both the theory and practice of confocal 
microscopy now exists (3) and only those points 
of procedure salient to this study are considered 
further. In confocal imaging, both illumination 
and detection are confined to the same spot on 
the sample. When spot limits are small enough 
to be set by difif action, the result is a sharp, high 
resolution image with a very narrow depth of 
field, typically in the order of 100 nm. Unlike 
other techniques commonly used in mineral 
studies such as SEM and TEM, relatively high 
magnifications can be achieved without special 
sample preparation. Most importantly, the 
technique is able to non destructively probe the 
interiors of translucent solids and make in-situ 
measurements in both two and three dimensions.

Sample material and preparation
Fission tracks
Fission tracks are micrometre-sized damage trails 
that form in uranium-bearing minerals such as 
apatite, titanite and zircon through the 
spontaneous decay of the radionucleide 238U. 
Due to their small size, (typically 10-20 pm long 
by ca. 24 A wide), fission tracks were first studied 
using transmitted electron microscopy (4). 
Nowadays, fission track analysis is done using 
conventional light microscopes on tracks that 
have been enlarged by chemical etching (5). 
Fission track data consists essentially of track 
density per unit area and track length 
measurements. Once collected, these data can be 
used to date geological and archaeological 
material (5), and provide information about the

Nick Petford is a Royal Society Research 
Fellow currently based in the Department of 
Earth Sciences, University of Liverpool, and 
a Junior Research Fellow at Churchill 
College, Cambridge. Since 1989 he has been 
working with colleagues at Cambridge 
University on the three dimensional analysis 
of particle tracks in solids using CSLM.

erosion rates of mountain ranges and the thermal 
structure of oil-bearing sedimentary basins such 
as the North Sea (6).

The materials used in this study were crystals 
of apatites from a Peruvian granite, and an [001] 
cleavage flake of low-uranium muscovite mica. 
Apatite is a calcium phosphate (generally 
Ca5(P04)3(OH,F,Cl) and is a common trace 
mineral found in igneous rocks (those cooled from 
s' magma) and their weathered sedimen
tary products. Muscovite mica (generally 
K2Al4[Si6Al202oKOH,F)4), occurs in most geo
logical environments where its physical properties 
including mechanical strength and electrical 
insulation have made it an important industrial 
mineral.

In order to reveal their fission tracks, the 
apatite grains have been firstly mounted in epoxy 
resin on a glass slide and polished to expose an

internal surface. The polished grains were then 
etched in 5N HN03 for 20 seconds to enlarge the 
tracks sufficiently as to be visible with a standard 
optical microscope. Muscovite mica is used in 
fission track analysis as an external detector to 
record the fission of 235U atoms induced in 
minerals during irradiation by thermal neutrons. 
The material properties of muscovite require an 
etch time of 40 minutes in 40% hydrofluoric acid.

Equipment and experimental conditions 
Fission tracks were studied using a BioRad MRC 
500 scanning confocal microscope with enhanced 
reflectivity mirrors set to scan point to point over 
the fixed sample.The chemical zonation patterns 
and surface relief studies described later were 
imaged using a Carl Zeiss LSM 20 scanning 
confocal microscope. For the fission track study, 
the light source was a 514 and 488 nm, 25 mW 
argon ion laser attenuated to 1% of full power by 
means of neutral density filters. Due to the very 
low track fluorescence, the instrument was used 
exclusively in reflection mode. Zoning patterns 
and surface relief were imaged using argon ion 
(488 nm) and HeNe 633 nm lasers. In both 
systems, the laser system was connected to an 
optical microscope (40x and lOOx oil objective), 
enabling the sample target area to be selected 
optically (or instantaneously on a TV monitor)

Fig.l. Greyscale enhanced CSLM image (Z-stack) showing a horizontal (etched) fission track in 
apatite. The fission track shows up as a white streak 12.3pm in length and lies ca. 6pm beneath 
the surface of the apatite grain. Scale bar = 2.0pm.
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before probing in confocal laser mode. A camera 
attachment to the TV monitor allows hard copies, 
including stereo pairs, to be made.

For fission track and chemical zonation and 
surface imaging, confocal 3-D analysis was 
.achieved by scanning incrementally (generally at 
0.5pm intervals) down through the sample, 
starting at the grain surface. After completing 
a scan, the individual (2-D) confocal images from 
different levels were combined into a three 
dimensional Z-series to show either the interior 
of the sample whose whole depth is in focus 
(fission track analysis), or, as in the case of 
zonation and surface analysis, the uppermost 
region of the sample. In this way, CSLM enables 
the observer to look ‘inside’ translucent objects 
at high resolution and examine reflective internal 
features, and to study in detail the surface 
structure of materials.

Fission track imaging 
Although the raw confocal images are of 
considerable interest in themselves, due to their 
generally poor fluorescence the fission track 
images have been further processed using image 
analysis software to enhance their brightness. 
TTiis can be done is several ways. One is to use 
the image processing techniques built into the 
controlling software of the analysing system. 
Alternatively, specimen images can be stored on 
floppy or optical disk as XYZ pixel elements and 
transferred to external image analysis systems 
miming on a PC or Apple Macintosh. For fission 
track analysis we have adopted the second route, 
as it allows more specific operations to be 
undertaken on the images (7).

Figure 1 shows a stacked CSLM image of an 
etched, flat lying fission track in apatite, obtained 
using the BioRad MRC 500 system. The image 
size is approximately 350 kilobytes, with a picture 
element width of 768 pixels, and a height of 512 
pixels. The stacked image, made up of 12 optical 
slices at 0.5 pm intervals was first enhanced 
(segmented) in greyscale from its background to 
make track identification easier. Further 
enhancement may be obtained by false colour 
coding of the segmented images. This has been 
found to be a particularly effective way of 
analysing the fission track population within the 
sample matrix, and for studying track morphology

Fig. 2

(8). The fission track shows up clearly as a white 
streak tapering towards its ends. The track is 12.3 
pm long and ca. 2.5 pm wide. Darker polygons 
are etch holes of surface intersecting tracks. The 
grooved lines are polishing marks at the grain 
surface.

Figure 2 (A-H) shows a series of confocal images 
through the upper part of an etched muscovite 
mica detector. The sequence was taken at 0.5 pm 
intervals, scanning down from the mica surface 
(A) to a depth of 4.0 pm inside the detector. Fission 
tracks intersecting the mica surface (image A) 
show up as diamond shaped etch holes that mimic 
the symmetry of the muscovite crystal lattice. 
Low angle fission tracks (dipping generally less 
than 10 degrees from the horizontal) show 
distinctive zebra-like interference fringes. 
Scanning downwards into the mica interior 
enables individual fission tracks to be measured 
by tracing them progressively along their lengths. 
In image F, taken at a depth of 3 pm below the 
mica surface, all low angle tracks have been 
excluded. The remaining, near vertical tracks 
show up as small points of light, marking the 
track tip.

Figures 1 and 2 show that CSLM allows an 
untrained observer to distinguish successfully 
fission tracks in apatite and mica, and to measure 
track lengths in both two and three dimensions 
(8). Particle length and density measurements can 
be made directly from the TV screen or from hard 
copy. A further advantage of fission track analysis 
using confocal SLM is that the digital images can 
be rapidly processed for data analysis, making the 
counting of track densities in external detectors 
required for age dating much less of a chore. 
Zoning patterns
Primary chemical zoning in igneous minerals is 
caused by local disequilibrium between the 
crystallising phase and the surrounding melt. 
Mechanical zoning may also result from the 
physical incorporation of inclusions, such as 
minerals of a different composition, into the 
growing host crystal in some preferred 
orientation. Most minerals that crystallise 
directly from a melt phase are zoned to some 
degree, and a wide variety of zoning patterns 
including oscillatory, discontinuous and regular 
have been described. Zoning in apatite is 
commonly due to variations in the abundance of 
the trace elements U, Th, Mn and lanthanides, 
such as La, Ce and Nd.

Figure 3 is a transmitted light image of apatite 
grains from the Peruvian granite which have 
been mounted in epoxy resin, polished and 
chemically etched for subsequent fission track 
analysis. The prismatic crystal dominating the 
centre of the plate shows a complex oscillatory 
zoning pattern. A similar pattern is seen in figure 
4, a CSLM image of a basal [0001] section of an 
apatite grain. The grain, seen here in reflected 
light, was initially observed using a wavelength 
of 488 nm which resulted in a confused image 
with poor definition. However, by increasing the 
wavelength to 633 nm (red), it was possible to pick 
out clearly the fine oscillatory nature of the 
zoning pattern. The precise nature of the zoning 
seen in figures 3 and 4 is at present unclear, 
although its pervasive nature suggests that it is 
chemical in origin. Zoning patterns in these and 
other trace minerals are currently being 
investigated using a combination of confocal 
imaging, electron microprobe analysis and 
backscattered SEM imaging.

Fig 3
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Surface relief
A knowledge of surface features is important in 
the study of low ductility materials such as 
ceramics, where performance is strongly 
controlled by surface properties (9). Surface 
analysis is also likely to become more important 
in the earth and environmental sciences, where 
a knowledge of the surface structure of clays and 
micas might prove important in absorption 
studies. In conventional microscopy, surface 
examination is confined to two dimensions, and 
has often proved difficult on translucent materials 
(9). However, confocal SLM overcomes many of 
these problems and enables a detailed, 3-D 
examination of surface structure and topography 
to be made.

As an example, the same basal section of apatite 
shown in figure 4 has been further examined for 
surface topography. Figure 5 is a composite of 20 
confocal images (X=488 run) that have been colour 
coded for height, from blue (0 pm) to red 
(maximum 4 pm). The grain boundary is defined 
clearly in blue as the region of minimum relief. 
This interesting result shows that the grain rim 
is lower by about 2 pm than the surrounding resin 
(generally green) in which it is embedded. The 
progressive thickening of the grain towards its 
middle shows the overall geometry of the 
(polished) grain to be convex. Near surface

Figure Legends
Fig£ Series of CSLM images of an etched muscovite 
mica taken at 0.5 fjm increments. Surface 
intersecting tracks show up as black, diamond 
shaped etch holes (see A and B). Fission tracks show 
up as white streaks (B-H) dipping away tom their 
respective etch holes. Individual tracks show marked 
variations in morphology, length and reflective 
intensity. Scale bar = 10 pm.
Fig.3. Transmitted light image of a prismatic apatite 
grain that has been mounted in epoxy resin, polished 
and chemically etched. A fine oscillatory zoning 
pattern is clearly visible.
Fig.4. Basal section of a mounted and polished 
apatite grain in confocal reflected light (633 nm). 
Oscillatory zoning is clearly visible.
Fig.5. Same grain as shown in Fig.4, colour coded 
for height. The lowest structural region, coloured 
blue, is the grain boundary (Opm). Maximum height 
(red) is reached towards the centre of the grain. 
Fig.6. 3-D contour map of the grain shown in Figs 
4 and 5 highlighting the convex geometry of the 
grain surface. Detailed structural features including 
fractures and zoning patterns show up dearly in the 
image.

Fig. 4

analysis also reveals a close association between 
zoning and surface relief, with some individual 
zones standing proud of the grain, due possibly 
to an increased resistance to chemical etching.

More detailed still is the surface analysis of the 
grain shown in figure 6. Here, the surface 
topography has been reconstructed in 3-D from 
a Z-series taken at 0.1 pm increments, and 
subsequently rotated to further enhance the relief. 
Viewed in this way, the maximum topographical 
detail is obtained. The grain boundary forms a 
‘steep walled cliff dropping away from the flat 
plateau marked by the resin. The convex nature 
of the grain surface is clearly seen, as are two 
fractures that cut the grain surface (cf. blue, linear 
features of low relief in figure 5). Zoning patterns 
are also visible, following the overall shape of the 
grain boundary. Needless to say, such detail will 
go unnoticed using conventional transmitted light 
(cf. Fig.3).
Summary
Confocal SLM offers a new way of studying 
crystalline defects in minerals in both two and 
three dimensions, and allows the surface 
structure of minerals to be examined in detail. 
The electronic nature of the images makes them 
ideally suited for state-of-the-art image analysis 
and data manipulation.
Equipment used
BioRad MRC 500, Carl Zeiss LSM 20, Image 
1.4, Seescan Solitaire image analysis.
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The study pf fission track and other crystalline defects 
using confocal scanning laser microscopy

N, PETFORD* & J. A. MILLER
Bullard Laboratories, Department of Earth Sciences, Madingley Road, Cambridge CB3 OEZ, U.K,

Key words. Confocal microscopy, fission tracks, crystalline defects, image analysis.

Summary

Confocal scanning laser microscopy (SLM) is a technique 
that offers geologists a new way of studying structures in 
minerals at the submicrometre level. As an example we 
show how the non-destructive nature of confocal SLM can 
be used to measure and count fission tracks (line defects 
formed by the spontaneous fission of 238U) in the uranium- 
bearing mineral apatite, and to provide information about 
the geometry and crystallographic orientation of fluid 
inclusions trapped inside apatite grains during crystal
lization. The technique also provides a means of studying 
the internal geometry of chemical zonation in minerals. The 
digitized nature of the SLM images makes them amenable to 
a variety of image analysis techniques, and we show how 
image analysis can be used to measure fission tracks in 
mica sheets and provide crude estimates of track dip. 
Finally, using a chemically etched mica sheet we show how 
confocal SLM can be used to provide a detailed near-surface 
(1-5 fim) analysis of geological materials.

Introduction

Although used routinely in the life sciences (e.g. Howard, 
1990), both tandem and scanning confocal microscopy 
have been almost entirely overlooked in the earth sciences. 
This is in stark contrast to other techniques, such as 
scanning and transmission electron microscopy (SEM, 
TEM), which have revolutionized those branches of the 
science, such as mineralogy, petrology and microstructural 
analysis, that have traditionally relied on optical micro
scopy as the principal means of investigation. Most 
naturally occurring minerals contain a variety of lattice 
defects. These can occur during growth from a melt, or 
during solid-state recrystallization. Depending upon their 
shape, lattice defects can be grouped into zero-, one- or two- 
dimensional structures with both crystal structure and 
chemistry playing a fundamental role in their development.

“Present address: Department of Earth Sciences. University of Liverpool, P0 Box 
14", Liverpool L69 3BX, U.K.
Tj 1993 The Royal Microscopical Society

A long-standing problem in geology has been the inability 
accurately to measure and quantify the geometry of 
crystalline defects in three dimensions. Such information 
is important, as the internal distribution and orientation of 
defects can strongly influence the macroscopic behaviour of 
rocks undergoing deformation. Another imperfection 
common to minerals is chemical zonation. Knowledge of 
the extent and three-dimensional (3-D) geometry of zoning 
patterns has the potential to provide information about 
crystallization kinetics, and may prove useful in selecting 
minerals for high-resolution laser dating techniques 
(Patterson & Stephens, 1992).

Scanning light microscopes can generate images of the 
interiors of translucent materials that are free from light 
interference from above and below a given focal plane, 
while confocal imaging provides added lateral resolution 
and the ability to undertake non-destructive optical 
sectioning (Wilson, 1990). For these reasons alone, we 
believe that scanning confocal microscopy is a technique 
that has much to offer geologists involved in the study of 
mineral defects who wish to investigate their 3-D orienta
tion. Furthermore, the digital format, of images generated 
using state-of-the-art confocal microscopes means that 
particle analysis and measurements can be easily made 
using image processing software. This paper is a review of 
our work to date using confocal scanning laser microscopy 
(SLM) to image fission tracks in apatite. Using these natural 
line defects as examples, we show how confocal SLM can be 
used to study the morphology and orientation of crystalline 
defects in both two and three dimensions. We also show 
examples of SLM images of fluid inclusions and chemical 
zoning patterns. Filially, we show how confocal SLM 
images can be manipulated by image analysis techniques 
and demonstrate the ability of confocal microscopy to map 
surface topography in mica. It is our hope that these results 
will provoke other geoscientists to experiment with 
scanning microscopes.

Fission track analysis

One area of mineral physics that has proved particularly
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Fig. 1. Track formation In a crystalline solid.
(a) A fission event results in the passage of a 
positively charged nuclide through the crystal 
lattice causing localized ionization, (b) Newly 
charged ions repel one another, giving rise to a 
line defect along the path of the charged 
particle (after Naeser, 1979).

well suited to confocal SLM is the study of fission tracks 
(Petford & Miller, 1990; Miller & Petford, 1991). Line (1-D) 
defects produced by the spontaneous fission of 238 U are 
called fission tracks and are seen In naturally occurring 
uranium-bearing minerals, including apatite, zircon, tita- 
nlte, mica and some natural glasses (Fleischer et al., 1975). 
The unique ability of confocal SLM to build up, on the 
submicrometre scale, 3-D images that appear as though 
viewed from Inside solid materials has enabled us to begin to 
Investigate several fundamental problems concerning 
fission track analysis, including track recognition (the 
problem of recognizing tracks from spurious crystal defects) 
and the accurate measurement of track lengths in both two 
and three dimensions.

Fission tracks were first observed in mica using TEM (Silk 
& Barnes, 1959), but initial observations were made 
difficult as individual tracks faded quickly under the 
electron beam. Near to the atomic scale, fission tracks are 
considered to be zones of lattice damage formed as the two 
nuceli produced from a heavy element undergoing fission 
(mostly 238U, but 235U and 232Th also fission sponta
neously) recoil away from each other in opposite directions, 
liberating some 200 MeV In the process (Fig. 1). Unetched 
tracks are generally 10-20 jim long, and although stable in 
insulating solids, semi-conducting and conducting solids fail 
to retain tracks during the movement of electrons which 
anneal the lattice damage.

Methodology

In order to date geological (or archaeological) material by 
the fission track method, target minerals are physically 
separated from the host rock. The mineral grains arc first 
polished to obtain an internal surface, then chemically 
etched to reveal those tracks formed by the spontaneous

fission of 238U. The density of spontaneous tracks per unit 
area is determined by counting the number of etched tracks 
revealed within a specific identifiable area of the sample. 
After this, the sample is Irradiated with a monitored thermal 
(slow) neutron flux which causes the induced fission of 23:5U 
atoms. The newly generated tracks that have appeared in 
the same area are counted, either directly or by using an 
external detector (Harford & Green, 1982) and the ratio of 
the two track densities are then used to calculate an 
apparent age for the sample (Fleischer et al, 1975)

Presently track counting is done by exploiting the critical 
observation that fission tracks can be chemically etched to a 
length of 10-20//m, thus making them visible in 
transmitted light under an optical microscope (Fig. 2a).

More recently, the discovery that tracks in apatite, a 
common mineral in sedimentary rocks, anneal over 
temperatures that coincide with the formation of liquid 
hydrocarbons (c. 60-120°C) has promoted new research 
into fission tracks as a possible tool in the exploration for oil 
(Naeser, 1981; Green, 1989). As temperatures increase, 
tracks begin to shorten along their length until finally they 
disappear. The annealing process leads to a reduction In 
track density and hence a reduction in apparent fission 
track age. By combining fission track age data with track 
length measurements from individual grains, a detailed 
thermal history of potential oil-bearing sediments can be 
made (Gleadow et al., 1983; Galbraith et al., 1990). Such 
thermal histories are a first step towards establishing the 
possible presence of hydrocarbons.

Although simple in practice, fission track analysis is not 
without problems. Arguably, the most limiting is the 
extremely labour-intensive nature of the analysis. In 
extreme cases, a single count can take up to 40 h (Fleischer 
et al., 1975), although counting for a single age 
determination more routinely takes about 30 min. It has
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long been realized that if counting and measuring could be 
automated, a considerable saving in time and effort would 
be achieved, as well as a possible increase in precision. 
Recently, several groups have proposed ways of counting 
fission tracks using computer-aided track counting and 
imaging systems (Birkholz et al., 1989; Wadatsumi & 
Masumoto, 1989). However, the images generated by these 
systems are still a traditional combination of transmitted 
and reflected light, and are thus not amenable to image 
analysis techniques such as thresholding and the rapid 
counting of objects. A major advantage of the digital SLM 
images is that they are capable of being processed 
electronically (Petford et al, 1993).

Experimental procedure

The principles of confocal SLM pertinent to this study are 
outlined below. For a detailed theoretical description of the 
technique the reader is referred to Wilson & Sheppard 
(1984) and Wilson (1990).

The confocal scanning laser microscope combines an 
optical microscope with laser light (generally 488-514nm 
in wavelength) which scans point to point over a fixed 
sample, building up an image that can be viewed on a 
monitor and stored in digital form on disk. In confocal 
microscopy, illumination and detection are, at any one 
time, confined to the same spot in the sample. The result is a 
sharp, high-resolution image with a very shallow depth of 
field (Wilson & Sheppard, 1984). Scanning may be 
performed at different depth increments, and by combining 
confocal images from these different levels it is possible to 
produce an internal 3-D image of the sample. The ability of 
SLM to provide high-quality images of the inside of minerals

at resolutions greater than the average 10-20^m etched 
lengths of fission tracks in both two and three dimensions 
has certain novel advantages over the conventional 
approach.

Sample material

The minerals used in this illustrative study were apatites 
from the Fish Canyon Tuff, a volcanic rock of known age 
that is commonly used as an interlaboratory standard, and 
a low-uranium mica used as an external detector during the 
irradiation process. Apatite is a calcium phosphate 
[generally Ca5(P04)3(0H.F.Cl)] and is a common trace 
mineral in igneous rocks and their erosion products. The 
apatites were etched in 5n HN03 for 20 s to enlarge the 
tracks. The mica was etched for 40 min in 40% HF. Fission 
tracks in the Fish Canyon Tuff apatite are mostly formed 
through the spontaneous decay of 238U, while those in the 
mica are induced fission tracks caused by particles emitted 
from the sample during the thermal fission of 23:,U.

Sampling criteria

Apatite grains, etched and mounted on a glass slide, were 
first examined under low magnification (x30 objective) in 
transmitted light. For track length and 3-D track morphol
ogy studies, individual grains with relatively low track 
densities were selected to minimize the problem of 
obstruction by large numbers of overlapping tracks 
contained within the grain. For surface counting of track 
etch pits, regions of relatively high track density were used 
which allowed large amounts of data concerning etch pit 
area and aspect ratio to be gathered. It also acted as a test of

Fig. 2. Transmitted and confocal SLM images 
of fission tracks in apatite covering the same 
field of view, (a) Etched fission tracks viewed in 
transmitted light, (b) Fission tracks viewed in 
confocal SIAf. The image is made up of 32 
confocal sections spaced at 0-2-/im intervals 
and subsequently processed to give a view 
from inside the mineral, looking towards the 
surface. Fission tracks appear as white ‘comet- 
like’ structures that intersect the crystal 
surface as oval-shaped etch pits (e). Note that 
some tracks do not show up under confocal 
laser light. The cross-cutting lines are surface 
polishing grooves. Scale bar = 25/xm (from 
Petford & Miller, 1990)
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Fig. 3. Comparative transmitted and confocal SLM images of fission tracks in apatite, (a) Transmitted light view showing three dipping 
tracks, (b) Same field of view in confocal mode, made up from a stack of 19 confocal images taken at O-S-fim increments (total depth of field 
= 8-5 /mi). No tracks are visible, although their etch pits (arrowed) can be seen at the crystal surface, (c) Combined transmitted and confocal 
SLM image. The fission tracks and their corresponding etch pits are now visible. Scale bar = 10/mi.

the ability of the image analysis system to measure large 
numbers of particles rapidly (see section on image analysis). 
Similarly, fluid inclusions and well-developed zoning 
patterns in grains were first identified using transmitted 
light before further investigation in confocal mode.

Results
Figure 2 shows a composite transmitted light and confocal 
image of etched fission tracks in apatite from the same area 
of crystal. All confocal images shown are in reflection. The 
confocal image is made up of 32 optical sections taken at 
0-2-/im intervals. This small interval range was chosen in 
an attempt to resolve the fine detail of track (or defect) 
structure in Z (an axis perpendicular to the polished 
surface). The individual (2-D) images have been stacked 
into a Z-series and then inverted, so that the view is as seen 
from a depth of 6-4 /tm inside the apatite grain, looking 
towards the surface. Whereas in the transmitted light image 
the tracks appear blurred owing to the large depth of field, 
the confocal SLM image shows the tracks as white streaks of 
variable thickness and intensity. Although the inversion 
process neither improves nor degrades the overall quality of 
the image, it does help to reduce interference from surface 
features such as fractures and polishing grooves that may 
obscure internal tracks.

Comparison of the two images reveals some interesting 
points. First, tracks viewed in confocal light (Fig 2b) show a 
fine detail in track structure and morphology that is 
unresolved in transmitted light. Some tracks appear as

‘solid’ streaks, while in others only their tapered rims are 
visible. Fission tracks orientated close to the vertical are not 
revealed in the confocal image, although their presence is 
clearly marked by their surface etch pits, which appear as 
dark ovoid structures. The tracks themselves appear as 
small points of light, poised within (if vertical) or close to (if 
slightly dipping) their surface etch pits. Figure 3(a) is a 
transmitted light image showing three dipping fission tracks 
in an apatite grain. Its corresponding confocal SLM image 
(Fig. 3b) shows only the three surface etch pits (arrowed), 
while the tracks themselves are apparently missing. 
However, if both images are overlain, the resulting 
composite confocal SLM and transmitted light image (Fig. 
3c) enables each track to be easily matched to its 
corresponding etch pit

The inability of confocal SLM imaging to reveal vertical 
and subvertical tracks means that there must be some 
maximum angle (0max) above which tracks are sufficiently 
steep with respect to the crystal surface as to become non
reflecting. and virtually invisible. This potential problem in 
the use of confocal SLM imaging as an analytical tool in 
fission track analysis is still under investigation by the 
authors. However, once satisfied that all the etch holes in a 
given surface represent fission tracks and not surface 
artefacts, only the track etch holes need to be counted to 
obtain track density. We show in a later section how the 
total number of tracks per unit area can be determined from 
just a single confocal image of the surface of the mineral.

Figure 4 is another composite (non-inverted) transmitted 
light/confocal SLM image of fission tracks in apatite, in this
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Fig. 4. Transmitted and confocal SLM images 
of fission tracks in apatite covering the same 
field of view, (a) Fission tracks in transmitted 
light. The high track density towards the 
centre of the grain hampers counting of the 
tracks, (b) The same field of view in confocal 
mode, compiled from 23 images at a spacing of 
0’5/im (total depth of field = 11*5 fim). Again, 
not all of the tracks seen in the transmitted 
light image are present. In such instances, 
track density can still be measured by the 
application of image analysis techniques that 
enhance the track etch holes.

instance, the image quality is impaired by reflections from 
an uneven grain surface, resulting in a granular texture 
that obscures some of the surface etch pits. As in Fig. 2(b), 
not all the tracks show up in confocal light (Fig. 4b). The 
image does, however, show that when track density is 
relatively high, as seen in the central part of the transmitted 
light image (Fig. 4a), accurate counting of tracks by eye can 
be extremely difficult. Fortunately, image analysis techni
ques can overcome some of these problems. Examples of 
reprocessed confocal SLM images are shown in a later 
section.

Other crystalline defects 

Fluid inclusions

Fission tracks are not the only crystalline defects to occur in 
natural minerals. Microstructures such as fractures and 
cleavage planes and even bubbles can implant linear 
features that might be mistaken for fissure tracks (Fleischer 
et al„ 1975). Other common structures include fluid 
inclusions and zoning patterns. Fluid inclusions are tiny 
bubbles that contain mixtures of fluid and vapour phases 
trapped during the crystallization of the host mineral. Fluid 
inclusion studies are particularly useful in mineral explora
tion, in which the chemical and isotopic compositions of the 
inclusions can be used to constrain the crystallization 
history of rocks and associated ore bodies (Roedder, 1984). 
Fluid inclusions in apatite, clearly imaged using confocal 
SLM, are shown in Fig. 5, which comprises an inverted Z- 
series made up of 40 confocal images recorded at 0*5-/im 
increments. The inclusions appear as linear, rod-shaped 
structures, generally between 2 and 10/un in length. 
Unlike fission tracks (small arrows), the fluid inclusions

have a regular orientation, parallel to the crystallographic 
C-axis of the apatite crystal. The ability to distinguish 
between these two structures is crucial, as misidentification of 
fluid inclusions as fission tracks will lead to an incorrect age.

Zoning

Two types of zoning occur in minerals, chemical and 
mechanical. Although a complex process, primary chemical 
zoning is caused by local disequilibrium between the 
crystallizing mineral and the surrounding melt (McBimey, 
1985). Mechanical zoning results from the physical 
incorporation of inclusions, such as minerals of a different 
composition, into the growing host crystal in some preferred 
orientation. Most minerals that crystallize directly from a 
melt phase are zoned to some degree, and a wide variety of 
zoning patterns, including oscillatory, discontinuous and 
regular, has been described (Deer et al„ 1966). Zoning in 
apatite is commonly due to variations in the abundance of 
the trace elements U, Th, Mn, and lanthanides such as La, 
Ce and Nd (Gromet & Silver, 1983). Figure 6 is an example 
of zoning in a basal section (0001 plane) of apatite, viewed 
in confocal mode. The zoning is clearly oscillatory, and 
mimics the hexagonal symmetry of the apatite grain. One of 
the zones appears to be cut by a number of N-S-orientated 
fluid inclusions, 5-7 /im in length. Also present are 
ubiquitous fission tracks and their associated etch holes, 
in this instance forming diamond-shaped pits at the crystal 
surface. The deviation from the ovoid shape of the pits in 
Fig. 2 is due to a fundamental crystallographic control on 
etch pit geometry in which etch pits on polished surfaces 
perpendicular to the C-axis take on the symmetry 
(hexagonal) of the host mineral. The exact nature of the 
zoning seen in Fig. 6 is at present unclear. Its pervasive
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Fig. 5. An inverted confocal SLM image of the interior of an apatite 
grain made up from a stack of 40 confocal images recorded at 0-5- 
/im increments (total depth of field = 20/mi). Three tracks 
(arrowed) can be seen located towards the bottom of the plate, 
where they can be readily distinguished from the considerable 
amount of internal structure. A deep fracture is clearly imaged (F). 
as are numerous rod-shaped fluid inclusions (FI). 2-20 /mi in 
length. The fission tracks can be easily distinguished from the fluid 
Inclusions, the latter showing a strong crystallographic control 
parallel to the C-aris (1000 plane) of the apatite grain. Scale bar = 
10 jim.

nature suggests that it is chemical in origin, although 
similar zoning patterns in other Fish Canyon Tuff apatites, 
visible in transmitted light, do not show up using confocal 
SLM. Zoning patterns in these and other trace minerals are 
currently being investigated using a combination of 
confocal imaging, backscattered SEM images and element 
mapping techniques.

Track formation in low-uranium mica

As described above, confocal imaging of spontaneous fission 
tracks in natural minerals is complicated by the presence of 
spurious (but nonetheless interesting) crystalline defects. 
One way of examining track geometry in a relatively 
undisturbed environment is to image those tracks produced

Fig. 6. Confocal ST.M image composed of 20 stacked images taken 
at 0 5-/im intervals of a basal (0001) section of an apatite grain 
(total depth of field = 10/un). Part of a well-developed hexagonal 
zoning pattern is visible in the central region of the plate (Z), 
probably the result of trace impurities of U. Th and lanthanide 
elements incorporated into the apatite grain during crystallization. 
Fission track etch holes are also visible, along with a series of E-W- 
aligned ovoid fluid inclusions (FI). Parallel lines running at all 
orientations across the image are polishing grooves, and not to be 
confused with zoning patterns. Scale bar = 25/mi.

during the irradiation process. In order to measure the 
amount of 2VSU present in a sample, a thin sheet of low- 
uranium mica (the external detector) is placed in contact 
with the sample, and both are irradiated. During irradia
tion, fission fragments of 235U penetrate the external 
detector to form a population made up entirely of induced 
fission tracks (Hurford & Green. 1982). We have found this 
material ideally suited for studying simple fission track 
geometry using confocal SLM. In the following section we 
show how various image analysis techniques can enhance 
significantly confocal SLM image quality and provide rapid 
track density measurements; the first step towards an 
automated track analysis system.

Image analysis

Once generated, confocal SLM images can either be stored
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Fig. 7. The application of image analysis to 
con focal SLM images, (a) Near-surface con- 
focal image of induced fission tracks formed in 
a iow-uranium mica detector during irradia
tion (see text for further discussion). Track 
etch holes are clearly visible as black ovoids, 
while the tracks themselves (where present) 
show up as white streaks, (b) Image (a) after 
image processing. Track etch holes have been 
enhanced, while confusing background de
tails. including individual tracks, have been 
removed. The resultant image is in a format 
suitable for analytical measurement of vari
ables, including number of particles and 
particle area aspect ratio (see histograms in 
Fig. 8). Scale bar = 5/im.

on optical disk or reformatted as TIFF files and transferred to 
other computing systems. The acquisition and analysis of 
confocal SLM images of fission tracks, recently outlined by 
Petford et cd. (1993), involves transferring electronically 
stored confocal images from a PC into a remote image 
analysis system. Here, software especially designed for track 
measurement can be used to assess variables such as track 
density per unit area, track area and aspect ratio of the section 
of tracks where they intersect the surface of the sample. The last 
of these has proved useful to some extent in assessing the angle 
of dip of individual tracks within the sample.

Figure 7 shows one example of how image processing can 
lead to rapid analysis of track densities in an external 
detector. In Fig. 7(a) a raw confocal SLM image of part 
of an external detector is shown, along with a number of 
fission tracks (white streaks) and numerous etch holes. 
Note that, as with the spontaneous tracks seen in the

i

Fish Canyon Tuff apatite (Figs. 2-4), only those tracks 
orientated at generally shallow angles to the mica 
surface show up fully. The surface is marked by a 
linear defect running approximately N-S, and to the 
left by an irregular bleb-like feature, possibly formed 
during the etching process. If measuring the track 
density, these surface features are a hindrance. Figure 
7(b) shows the same image after image processing 
involving grey-scale thresholding routines. Unwanted 
detail has been removed from the image, and only the 
etch holes remain. The image can then be segmented, and 
the number of particles (etch holes) counted.

Data analysis

As well as being able to count the number of fission tracks 
per unit area rapidly, the image analysis system can also
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Fig. 8. Histogram of measured area (/im2) of 

826 individual track surface etch holes In a 
mica detector. The histogram is a compilation 
of 10 separate confocal Images of equal area 
(3280/im2), after processing as in Fig. 7(b). 
The non-Gaussian profile is due to a limiting 
minimum etch hole area of 0‘207/im2. Other 

statistical data are summarized in the figure, 
(b) Histogram of measured aspect ratio of 826 
track etch holes in mica [as in (a)]. Apparent 
aspect ratio varies from c. 1 to 1*8. with a 

most common value of 1*28.

measure other variables, such as area and aspect ratio of 
the surface holes. Histograms of measured track area and 
aspect ratio from 10 induced track populations selected 
randomly from within the external detector are shown in 
Fig. 8. Both histograms are skewed. Results show that the 
etch holes have a minimum area of 0*207 pm2 and a 
minimum aspect ratio of 1*004. The mean etch pit area is 
0*65 pm2, and the most common aspect ratio is 1*28.

Dip of tracks 

Aspect ratio

The concept of a maximum angle (0^) above which 
etched fission tracks are invisible in confocal mode was 
Introduced earlier. Here we show how this idea can be 
tested in low-uranium mica by using a combination of 
measured aspect ratios of track etch pits and diffraction 
patterns that occur around shallowly dipping tracks.

By making the simplifying assumption that all tracks 
formed in the external detector are initially circular, the 
aspect ratio, R, becomes a function of the angle of the 
intersection from the horizontal (0). The relationship

between 6 and R can then be written as ;

sin0=l/R, (1)

where for a vertical track sin 9 = 90° and R is equal to 
unity. Using this method, Petford et al. (1993) calculated 
the range of the angle of dip with respect to the surface (0) 
from c. 73 to 27° for tracks in a detector similar to that 
shown in Fig. 7. Although in reality etch holes are not truly 
circular and, in fact, vertical tracks will have an aspect ratio 
above 1*0, R can at least provide a crude estimate of track 
dip. Using Eq.(l) to convert aspect ratio into angular 
coordinates for the data set shown as a histogram in Fig. 
8(b), an angular variation ranging from a minimum of 34° 
to a maximum of 85° is obtained, although In reality dips of 
90° will almost certainly be present. A more detailed 
breakdown of the angular variation of the Induced fission 
tracks within the mica detector is shown in Fig. 9. Here, the 
total number of measured tracks (observations) in each of 
the 10 areas of mica analysed is plotted against the 
apparent mean angle of dip for each corresponding area. 
These data imply that the dip angle remains fairly constant 
at angles of between 50 and 53° (although these values are 
artifically low), regardless of the number of observations.
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Diffraction patterns in shallow tracks

One way of estimating 6m.dX is to use information from the 
tracks themselves. Figure 10 shows that many tracks have 
distinctive black and white fringes that give rise to a ‘zebra’- 
type appearance. Assuming that these fringes are caused by 
interference, and represent a phase shift of one wavelength 
(where A = 488 nm), it is an easy matter to calculate the 
dip of the tracks. Calculated dips are given in Table 1 for 
those tracks labelled in Fig. 10. Values of 6 range from 1 5° 
to an estimated 6m&x of 46°. Combining these data with the 
range of calculated angles shown in Fig. 9 suggests that, 
although a range of angles from c.34 to 85° is present in the 
induced track populations, over 50% of these tracks dip at 
an angle greater than 46°, and thus do not show up using 
the confocal optical system. One of our immediate aims is to 
determine 0max in apatite.

Fig. 9. F-stimated angular variation (dip) of fission tracks in mica 
calculated from the aspect ratio of Individual track etch holes (see 
text for details). Each data point shows the most common angle 
(sin0) for the total number of observations made on 10 confocal 
SLM images of equal area (3260^m') from various positions 
within the mica detector. Track dips apparently remain fairly 
constant over a wide range of observations.

However, R is only useful in providing an estimate of the 
range of track angles in the mica detector while giving no 
real information about the maximum angle (tfmax) above 
which tracks fail to register. Using a Z-series of images, the 
angle of dip and true track length can be measured directly 
(Petford & Miller, 1992).

Surface topography

Confocal SLM imaging can also provide information about 
the near-surface properties of materials. Figure 11(a) is a 
transmitted light image showing a high-density region of 
fission tracks in a mica external detector. Such high-density 
regions are fairly common and reflect an uneven distribu
tion of uranium atoms in the host mineral. In transmitted 
light, individual tracks are largely unresolvable, and, 
although some surface detail can be seen (such as the 
faint parallel grooves (g) running diagonally across the 
image), little information concerning the surface structure 
of the mica within the region of high track density is 
available. Figure 11(b) is a confocal image viewed in 
reflected light of the region of high track density shown in

Fig. 10. Near-surface view of tracks and etch 
holes in mica. Low angles (generally < 45°) 
show distinctive ‘zebra’ interference fringes 
(Petford & Miller, 1992). Calculated track dips 
based on diffraction analysis range from 15 to 
46°. Scale bar = \Opm.
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Table 1. Determination of track dip angles from diffraction fringes 

(A = 488 nm).

Track no.

1
2
3
4
5
6
7
8

No. of 
fringes

3
3
3
4 
2 
3 
3 
2

Length
(/im)

Fringe
separation

(/un) Tan 0 0°

T4 0-47 105 46

40 1-33 0-37 20

2-4 0-80 0-61 31
20 050 0-98 44
20 105 0-47 25
1-75 0-58 0-84 40

20 0-67 0-73 36

3-5 1-75 0-28 15

Fig. 11(a). enhanced using Nomarski differential interfer
ence contrast (DIC). This technique appears to provide an 
effective way of enhancing surface texture that may not be 
readily obvious in transmitted or reflected light (Cogswell & 
Sheppard, 1990).

The image represents just the upper 2.0 ^m of the mica 
sheet and clearly shows the overlapping nature of the track 
entry holes, which appear to have been enlarged and 
distorted during the etching process. The diagonal grooves 
at the mica surface are significantly enhanced, and show a 
topography that formed during the etching process. By 
combining the reflected light intensity generated during 
scanning of the uppermost 2-0/im of the mica sheet, it is 
possible to build up a topographic map (in Z) of the region of 
high track density. Figure 12 shows a topographic map of 
the uppermost mica surface between L and Intense 
surface disruption due to the high track density is clearly

Fig. 11. Surface imaging using confocal'SLM. 
(a) Transmitted light view of a high-density 
region of induced fission tracks in a mica 
detector. Faint diagonal grooves (g) are also 
visible, (b) Differential contrast image (in 
reflected confocal light. A = 633 nm) showing 
just the upper 2 ^m of the mica surface. 
Etching tracks of this density has caused 
closely spaced tracks to merge together. 
Although the faint grooves seen in (a) are 
significantly enhanced in this mode of obser- 
vation, the image is still extremely confused, 
and quantatitive image analysis is not possible. 
(The line L-Lj relates to the surface topogra
phy image shown in Fig. 12.)
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Fig. 12. Map of the surface topography to a 
depth of 2 /im across the section L-Lj shown 
in Fig. 11. A diagonal groove on the mica 
surface is clearly seen (arrowed). To the left of 
the groove, the mica surface is relatively 
smooth, reflecting the low track density. The 
area to the right is characterized by a steep 
topography corresponding to the region of 
high track density.

visible, as is the presence of a diagonal groove, shown here 
to comprise structures approximately 0-5/im in depth.

Conclusions and further work

Confocal SLM is a new and exciting optical technique in the 
earth sciences that can provide detailed 3-D information 
about the internal geometry and morphology of particle 
tracks in solids. The electronic images are in a format 
amenable to a range of image analysis techniques that 
enable track density and other variables, including 
individual track area and aspect ratio, to be measured 
both quickly and accurately. Confocal SLM has clear 
applications in areas of mineralogy such as the study of 
fluid inclusions and the development and geometry of 
mineral zoning, and in the analysis of mineral surfaces. 
Future work will concentrate on mapping the internal 
distribution of fluid inclusions in minerals, and on 
reconstructing the 3-D geometries of zoning patterns.
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Counting Fission Tracks in Mica External Detectors

J. A. Miller,1 J. A. C. Horsfall,2 N. Petford1 and R. H. Tizard3

Abstract —The different ways in which minerals and external detectors respond to chemical etching 
are outlined. While it is possible that the distribution of angles of inclination of fission tracks in some 
materials can be determined from the measurement of the aspect ratios of the etch pits this cannot be 
done using mica detectors. A method of measuring the distribution of angles of inclination in mica 
detectors based on the frequency distribution of areas of fission track entry holes is proposed. The results 
of two experiments are presented, and a means of correcting the number of tracks lost during etching 
is described.

Key words: Fission tracks, mica detectors, confocal microscopy, image analysis.

/. Introduction

In the external detector method of fission track dating it is normal practice to 
reveal the tracks in both the mineral and the external detector by chemical etching 
(Fleischer and Price, 1963). This is possible because the rate at which the surface 
of the material is dissolved (Fg) is less than the rate of chemical attack down the 
length of the track (Fr). The difference between the rates determines not only the 
dimensions of the etch pits but also the angle below which tracks are lost. When a 
mineral or standard glass sample of homogeneous uranium content is etched, an 
equilibrium state is reached such that as the surface is etched away and the tracks 
destroyed, fresh tracks are encountered within the interior of the mineral Here this 
critical angle Qc can be expressed

sin O^VJVr. (1)

Fleischer and Price (1964) have defined the term Etching Efficiency, cos20c and 
calculate the age {A) of a mineral using the expression

A ~ ps fNv C238V? cos2 0 (2)

* Bullard Laboratories, Department of Earth Sciences, Cambridge, CB3 0EZ, UK.
2 R, B. Hawkins and Associates, Science Park, Milton Road, Cambridge, CB4 4FE, UK.
3 Churchill College, Cambridge, CB3 0DS, UK.
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where ps is the number of etched tracks per unit area of surface, C238 is the atomic 
concentration of U238, Nr the total number of atoms per unit volume, R = mean 
track length over which a fission track may be revealed by etching, and is the 
decay constant for spontaneous fission for U238. Hurford (1976) points out 
however “it has been virtually impossible to quantify cos2 0 experimentally.”

If the angular distribution of tracks retained in the materials after etching can 
be deduced then the difficulties arising from loss of tracks can be largely overcome. 
The purpose of this paper is to propose ways of doing this with special reference to 
mica external detectors.

2, Etching External Detectors

The response of an external detector to etching is different to that of a 
mineral. An external detector, usually an [001] cleavage fiake of uranium-free 
muscovite, contains only fission tracks that originated externally, and as etching is 
a destructive process, no steady state can be reached. The minimum amount 
of etching necessary to expose the tracks will destroy some tracks. For tracks 
of a given length, those of shallowest dip will be destroyed first. Continuous etching 
will remove tracks with increasing dip until all are gone. The material therefore 
does not exhibit a specific critical angle. It seems likely that etching external 
detectors is potentially a variable in fission track dating in which the nature and 
strength of the reagent used for etching are important as are the duration and 
temperature of the etch.

As fission tracks formed in the mineral sample have a random distribution, it is 
safe to assume that prior to etching there would be the same number in any 
direction, provided that there are sufficient tracks present to constitute a valid 
statistical sample. It follows therefore that there would be the same number with the 
same inclination with respect to any planar surface.

3. Principle of Determination of Angles of Inclination

Petford and Miller (1992) have shown that the angle of inclination of fission 
tracks can be measured Using a stacked Z series of images produced using a 
confocal scanning laser microscope (SLM). However, until the process can be 
automated completely, this approach would be time consuming. The authors have 
also shown (Petford et al.9 1993) that it is possible to determine the angle of 
inclination of fission tracks of circular cross section by measuring the aspect ratio 
of the surface projection of the etch pits. This has been done automatically and very 
quickly, using image analysis techniques. The aspect ratio (Rf) is a function of the
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angle (0) of intersection with the surface. The relationship between 0 and R' is given
by

sin 0 = \IR\ (3)

For a vertical track 0 = 90°, sin 0 = 1 and R' is equal to unity.
While (3) suggests a solution when dealing with materials that exhibit fission 

tracks of circular cross section, the same approach cannot be used with mica 
external detectors and most other materials.

The problem is illustrated in Petford and Miller (1992, 1993) where they 
show a confocal near-surface image of a mica detector. The fission track entry holes 
are neither circular nor ellipsoidal, but appear diamond shaped and mimic the 
lattice of the mica. An inclined track of diamond shaped cross section will manifest 
itself as a parallelogram where it intersects a planar surface. Considering one of the 
two triangles formed by the bisection of the parallelogram along either of its axes, 
it is possible to show by geometry that the area of the triangle divided by the area 
of the corresponding triangle in the axial cross section of the track is equal to 1/sine 
of the angle (0) of the inclined track. Because both the apparent (A) and true (A,) 
cross sections of the tracks are parallelograms, it follows that the true cross-sec
tional area of the dipping track divided by the cross-sectional area subtended at the 
surface equals sin 0.

Using image analysis techniques (Petford et aL, 1993) it is now possible to 
measure in seconds the areas of hundreds of track entry holes shown on images 
produced using the SLM. If it is assumed that all the tracks in the mica external 
detector have the same cross-sectional area, it follows that vertical tracks will 
present the minimum area where they intersect a planar surface. As the angle of 
inclination of the tracks increases, their areas change sinusoidally. The rate of 
change of area is at a minimum for near-vertical tracks and at a maximum at low 
angles of inclination.

In principle, it is possible to determine the minimum angle of inclination present 
simply by measuring the ratios of the areas of the smallest and largest etch holes. 
In practice it is not so simple. Although it is relatively straightforward to identify 
and measure the area of the largest etch hole present and verify that it does not 
comprise overlapping holes, the smallest pit would in all probability have been 
produced from etching the extremity of an induced track where little lattice damage 
had occurred.

While it is perhaps possible to set parameters for the acceptance of tracks using 
the image analysis system, a better approach to the problem can be derived from 
the consideration of the distribution of angles of inclination of the tracks induced 
in the detector. Assuming that the tracks have a common length and uniform 
hemispheric distribution in three dimensions (2?:) from a point source, the distribu
tion function of inclination will be proportional to the projected surface area of the 
hemisphere. For equal increments of angle there are more tracks at low angles of
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5 10 15 20 25 30 35 40 -45 50 55 60 65 70 75 80 85 90
Azimuth angle (deg)

Figure 1
Distribution of tracks as a function of inclination when all tracks originate at the same distance from the

surface of the mica detector.

inclination than at high. This is shown in Figure 1. However, with an external 
detector a second distribution function must be considered. This arises from the fact 
that vertical tracks originating at any depth in the mineral less than the half length 
of the fission track will enter the mica detector. However, tracks at lower angles will 
only enter the mica detector if they originate at depths less than this critical distance 
(rferit) where

<4nt = sin 0 (4)

where L is the effective track length and 0 is the inclination angle. Since it can be 
assumed that tracks are produced randomly within the sample, it follows that more 
tracks of high angle will enter the mica detector than tracks of lower angles, as 
shown in Figure 2. Therefore the angular distribution of tracks at the surface of an 
external mica detector before etching will be the product of the two distribution 
functions. This is shown in Figure 3. As would be expected, the distribution has a 
peak at 0 = 45°.

The effect of etching is to remove a thin layer of the external detector. Tracks 
which penetrate to less than this depth will be lost. The effect can be modelled by
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5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Azimuth angle (deg)

Figure 2
stribution of angle of inclination when tracks originate from random points external to the detector.

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Azimuth angle (deg)

Figure 3
The theoretical distribution of angles of orientation of tracks in an unetched mica detector.
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modifying the distribution shown in Figure 3 so that the depth range for tracks is 
reduced by an amount corresponding to the depth of etching.

Thus tracks of low angle will disappear entirely and only tracks of inclination 
greater than a certain angle will remain. At higher angles the effect of etching will 
be most marked for angles only just above the minimum and least for vertical 
tracks. Figure 4 shows the predicted distributions of etching depths corresponding 
to minimum retained angles (<£) of 0, 5, 10 and 15 degrees. The distribution of 
angles of inclination is shifted slightly towards higher values as the angle 0 
increases.

If it is assumed that the mode of the distribution of angles is 45°, the value of 
the mode of area (/lmode) derived experimentally can be used to find the value of the 
true cross-sectional area of the tracks (/lmin) from

^mi„ = 0.707^mode. (5)

As increasing the angle has the effect of increasing slightly the angle at which the 
mode occurs, the best value of Amin can probably be arrived at by a second 
approximation. The advantage of this approach lies in the use of the maximum 
amount of data.

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Azimuth angle (deg)

0 deg § 5 deg HUlO deg □ 15 deg

Figure 4
Predicted distribution of etching depth corresponding to minimum retained angles (<j>) of 0, 5, 10 and 15

degrees.
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Inclination Angle

a____ 0 b____5 c____ 10 d____15 e____ 20
Figure 5

The distribution function for values of <f> between 0 and 20 degrees in 5 degree increments.

4. Theoretical Distributions of Angles of Inclination in External Detectors

The distribution of track inclination angles (0) in an unetched external detector 
is the product of the angle and source depth functions

/(0) =cos 0 sin 0. (6)

When an external detector is etched, all tracks less than some minimum angle $ are 
lost and distribution function becomes

/(0) = cos 0(sin 0 — sin <£). (7)

Figure 5 is a plot showing the distribution function of tracks for values of (p 
between zero (no etching) and 20 degrees in 5 degree increments.

5. Determination of Minimum Angle

Because the value of the minimum retained angle (<£) influences the position of 
the mode of the distribution of angles of inclination, the precise minimum retained
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Mode of Inclination Angle 
Figure 6

The relationship between the minimum retained angle and the position of the mode of the angles of
inclination.

angle cannot be determined in the method outlined above directly from measure
ments. However, an approximate value can be derived from the value of the 
inclination angle (0Af) at which the first derivative of the distribution function given 
in (7) becomes zero from

(p = sin- cos2 0Af — sin2 0At

sin 0At ] (8)

0A, is the angle of the mode, which is always greater than 45° in etched samples. 
Figure 6 is a graph showing the value of the minimum retained angle as a function 
of the mode of the inclination angle.

Figure 7
The proportion of tracks retained as a function of the minimum retained angle.

4

Figure 8
The correction factor by which counts must be multiplied in order to obtain a count converted to zero

etching.
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6. Correction for Tracks Lost During Etching of External Detectors

Correction for those tracks that have been lost can be made as follows. The 
total track count can be obtained by integrating (6) over the range 0 to 90°. For 
various depths of etching expressed in terms of the minimum retained angle it is 
necessary to integrate (7). The lower limit of integration should be the minimum 
retained angle and not zero. Figure 7 shows the proportion of tracks retained as a 
function of the minimum retained angle. Figure 8 is a graph showing the correction 
factor by which a track count must be multiplied in order to obtain a count 
converted to a zero etching depth. Correction can also be made from

N = C/2[ 1/4(1 -f cos 2(f)) — sin </> 4- sin2 </>] (9)

where N is the original number of tracks per unit area, and C is tracks counted per 
unit area.

7. Experimental Data

Two tests have been made to examine this approach in practice. The first used 
a photographically recorded confocal image taken at a focal depth less than 500 nm 
below the surface of the sample of mica detector. The captured image was then 
processed using image analysis techniques by removing artifacts with an area less

Area (um*)

Figure 9
Histogram of area in square microns of 219 etched track entry holes.
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than 0.2/inr. The distribution of areas of the 219 images remaining is shown in 
Figure 9. Measurements obtained from the image are shown in Table 1. A second 
experiment was made using a much larger data set comprising 826 tracks. Here the 
track entry holes were viewed at the same focal depth as before and recorded 
electronically on disk then processed directly by computer. The images were of high 
quality and it was not necessary to remove electronically any image artifacts, save 
to check that the largest target identified did not comprise overlapping holes. 
Images from ten separate areas of the same sheet of irradiated etched mica were 
measured automatically as a set. Areas are given in Figure 10 and the measured 
parameters are listed in Table 1. Values of 4> are shown in Table 2. Comparing the 
two sets of results, it appears that the rejection of areas less than 0.2 ;/m2 from the 
first set comprising 219 targets was acceptable practice in that the calculated and 
measured values of /lmin (0.55 ^m2 and 0.54/im2, respectively) were close. This,

Table 1

Parameters of tracks measured directly from images

Measured area (max) Mode Measured area (min)
Experiment No. Tracks fim2 um2 //m2

1 219 3.81 0.78 0.54
2 826 2.46 0.56 0.21

Area (um2)

Figure 10
Histogram of areas in square microns of 826 etched track entry holes.
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however, could be the result of chance. The use of a large data set without the 
processing of data, save that required to ensure that the largest area identified was 
not a composite hole or an artifact of some sort, is preferred. As the two sets of 
results were obtained from external detectors etched at different times but under 
very similar conditions, the results should be similar but not necessarily identical. 
This was found to be the case. Corrected total counts are shown in Table 2.

When dealing with both circular and diamond shaped etch holes it is not 
necessary to know the precise magnification of the optics of the confocal micro
scope as both systems of measurement utilize ratios. Neither is it strictly necessary 
to measure the absolute areas of the sample and detector under examination, 
provided that the same magnification is used to view both.

8. Concluding Remarks

Although the use of the confocal microscope as a means of viewing fission 
tracks has been criticized by some, its ability to provide high quality images suitable 
for image processing in the manner described in this paper is a demonstration of its 
value. Without a measure of the angular distribution of track inclination, correction 
cannot be made for those tracks lost during etching. Consideration is to be given to 
the quantification of perturbing effects that might be introduced by the different 
efficiencies of track registration in the sample and detector, and the effects of the 
orientation of tracks with respect to crystal lattices.
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Some aspects of the application of image 
analysis to the study of fission tracks

N. PfcTFORD* AND J. A. MILLER

Bullard Laboratories, Department of Earth Sciences, Madingley Road, Cambridge CB3 OEZ, UK

Abstract
Analysis and processing of electronic images generated using confocal scanning laser microscopy (CSLM) 
provide a new means of counting and determining the angular distribution of fission tracks in crystalline 
solids. Using image analysis techniques, large numbers of fission tracks in external mica detectors can be 
counted rapidly, while measurement of aspect ratio and area of a track entry hole at its intersection with a 
surface can provide a means of assessing the angle of inclination of individual tracks within minerals and 
plastics. CSLM imaging, combined with image processing, offers a new and powerful way of probing the 
surfaces and interiors of crystalline materials. The techniques might also prove useful in the study of fluid 
inclusions and chemical zoning patterns in minerals.

Keywords: confocal microscopy, fission tracks, image analysis, external detectors.

Introduction

Fission tracks are micrometre sized linear damage 
trails that form in uranium bearing minerals through 
the spontaneous decay of atoms of 238U, Since their 
discovery in the late 1950s (Silk and Barnes, 1959), 
they have been used extensively in dating geological 
and archaeological materials, and more recently as a 
means of estimating burial and uplift rates in 
mountain belts and sedimentary basins (Wagner and 
Van den haute, 1992). From a practical point of view 
two of the main tasks encountered in fission track 
dating are the recognition of tracks and their 
counting. Skill in recognition comes from experi
ence, but counting takes time, which in extreme 
circumstances can take up to 40 man hours per 
sample (Fleischer et aL, 1975). In recent years a 
number of allempts have been made at developing 
automatic track counting methods using conventional 
microscopy (Birkholtz et aL, 1989; Rebetez et al, 
1991) but none has proved entirely successful. The 
development of image analysis has added fresh 
impetus to this field of endeavour (Petford and

* Present address: School of Geological Sciences, 
Kingston University, Penrhyn Road, Surrey, KT1 2EE, 
UK

Miller, 1992,1993). Much of the difficulty has arisen 
from the quality of images produced from the 
convention^ light microscope which is an instru
ment suited ideally to the examination of two- 
dimensional objects. In the instance of 3D targets, 
the depth of focus characteristics mean that while 
part of the object is in focus other parts are not and 
although such images can be recognised by eye they 
can present problems when subjected to image 
analysis. With suitable programming, it might be 
possible to process images of this sort, but it is an 
advantage to supply the system with clear and 
apparently two-dimensional images. In this contribu
tion we outline how the technique of confocal 
scanning laser microscopy (CSLM), combined with 
image processing can be used to count and measure 
large numbers of fission tracks quickly and provide 
information about their shape and angular distribu
tion. We also show how the unique information 
provided by CSLM-image analysis has allowed us to 
use equations to correct fission track counts for tracks 
lost during the etching of external mica detectors.

Confocal Scanning Laser Microscopy (CSLM)

A large amount of technical literature exists on the 
theory and practice of confocal microscopy and

Mineralogical Magazine, June 1995, Vol. 59, pp, 197-201 
© Copyright the Mineralogical Society
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Fio. 1. Confocal scanning laser microscopy (CSLM) 
grey-scale image of a confined, horizontal fission track 

in apatite. Scale, 4 pm.

readers interested in the finer details of the technique 
are referred to Wilson (1990) for an excellent 
summary of CSLM. In essence, the confocal lens 
arrangement involves focusing light from the 
objective and source at the same point within the 
specimen to produce an image with a very shallow 
(± 100 nm) depth of field.

Using scanning laser light (wavelengths 488-633 
nm) we have been able to produce images of fission 
tracks in both minerals (Fig. 1) and mica detectors 
(Fig. 2) successfully (see also Petford and Miller,

Fio. 2. Greyscale-enhanced CSLM image of the surface 
of an etched mica external detector. Diamond-shaped 
track entry holes are highlighted in white. Images 
formatted in this way allow individual track etch pits to 
be counted rapidly. Surface area and aspect ratio can 

also be measured. Scale bar, 10 pm.

1990, 1992; Petford et al., 1993). While it is possible 
to build up a stack of electronically recorded images 
to produce stereographic views of tracks and to 
determine their length and angle of inclination 
(Petford and Miller, 1992), the process is slow and 
does little towards the objective of general track 
recognition and counting (Fig. 3). However, our 
results have shown that etched tracks in micas are 
rod-like features and usually not the etch pits often 
depicted in the literature (Petford and Miller, 1992). 
In CSLM, the instrument can be focused just below 
the surface of the specimen but within the restricted 
depth of focus to provide a clear picture of track exit/ 
entry holes depending upon whether it is a mineral or 
an external detector being viewed (see Figs 1 and 2). 
In order to describe progress made so far, much of 
this account is restricted to our work on the 
measurement of tracks in external detectors.

Image analysis

A practical means of counting fission tracks in 
external mica detectors using image analysis has 
been given recently by Petford et al. (1993). Five 
steps are involved in the analysis: (1) CSLM image 
generation, (2) image procurement, (3) segmentation, 
(4) measurements, and (5) data manipulation and 
analysis. Images from the confocal microscope are 
either procured as hard copy or are more 
conveniently held in electronic format. 
Electronically stored images have the advantage in 
that they can be read directly into the image analysis 
system and stored as XYZ pixel elements. Most 
electronically recorded CSLM images are stored as 
tagged image format files (TIFF). A typical CSLM 
image containing fission track data is approximately 
350 kbytes in size with a picture element width of 
768 pixels and a height of 512 pixels (Petford and 
Miller, 1992). If large numbers of (2D) optical slices 
are being made for reconstruction into a three- 
dimensional Z-series, correspondingly large amounts 

e storage space are required. In our experience, we 
iiave found optical disks the most effective storage 
medium, although read-write CD ROMs might in the 
future provide better storage facilities.

The ability of CSLM to make non-destructive 
optical sections within the interiors of crystalline 
materials is demonstrated in Plate 2a—f (see colour- 
plate section) which shows a stacked Z-series 
comprising six optical slices taken at 0.5 pm depth 
intervals through the horizontal, confined fission 
track shown in Fig. 1. The sequence also provides an 
example of how image analysis techniques can be 
used to good effect in enhancing simple grey-scale 
images. Thus, each optical slice has been processed 
in false colour in order to highlight the fine detail 
present within each image. The range in colour
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Fig. 3. Cartoon showing how the true length (L) and angle of inclination of an etched, inclined fission track (shaded) 
can be determined from a stacked sequence of CSLM images. The inclined track is traced along its length at 
increments of 0.3 jim to a depth in Z of 4.0 pm. Determination of Z allows the true track length to be found using

Pythagoras theorem.

relates to pixel intensity. Image 2a was taken at 3.0 
jim below the surface of the sample (an apatite grain 
from the Fish Canyon Tuff). Maximum pixel 
intensity occurs at a depth of 4.0 pm (image 2c, c. 
1.0 pm inside the fission track), with pixel intensity 
and track definition becoming progressively less 
distinct thereafter. At depths > 5.5 pm (image 2f), the 
track is no longer visible. Measurement in XY and 
XZ show the track to be approximately 12.3 pm long 
and ~ 2.5 pm thick.

Outline of the problem
To produce fission track ages it is necessary to count 
the number of tracks per unit area of mineral and to 
provide a measure of the mineral’s uranium content. 
Tracks in minerals are exposed by chemical etching. 
The uranium content is usually measured by 
irradiating the mineral in contact with a low 
uranium mica external detector, then exposing the 
induced tracks by chemical etching (for details of 
procedures see Fleischer el al., 1975 and Wagner and 
Ven den haute, 1992). Problems arise as the result of 
the different ways in which minerals and detectors 
respond to the etching process (Vincent et al., 1984, 
Fig. 11).

Tracks are exposed because the damaged material 
comprising the tracks will etch away faster (VT) than 
the surface of the minerals containing the track (Vs). 
It is well known that tracks having angles of 
inclination sinfl < Vj/Vt will be lost (Fleischer et 
al., 1975). In minerals, a steady state is reached

during etching such that only those tracks are 
destroyed. In external detectors the problem is more 
serious because all tracks originate externally and the 
number that remain after etching will depend upon 
the duration and nature of the etching conditions. 
Etch for long enough and all will be destroyed.

To circumvent these problems it is necessary to 
correct counts from both minerals and detectors for 
tracks lost, otherwise the age obtained will be 
influenced by the particular technique adopted. To 
do this the minimum retained angles of tracks in both 
mineral and detector must be measured, which has so 
far not been possible without image analysis. The 
problem is compounded by the fact that minerals and 
mica detectors have crystalline structures and do not 
produce circular or elliptical holes as would plastics 
and glasses when etched. For these simple cases, the 
angle of inclination of the track is:

sin0 = l/R (1)

where R is the aspect ratio of the cross section of 
track subtended at the surface of the sample (Petford 
etal., 1993).

The analysis of fission tracks in external detectors
In etched external mica detectors, the track entry 
holes have a diamond shape resulting from the 
symmetry of the mica lattice [001] plane (Fig. 2). It 
has proved possible to count thousands of track entry 
holes in seconds and selection criteria can be applied 
to recognize overlapping holes. Aspect ratios, areas
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Plait 2 False colour Z-schcs through an etched horizontal (confined) fission trade in apatite. The sequence starts 
.VO pm inside the grain (a), and continues at steps of 0.5 pm to a depth of 5.5 pm (f) Maximum pixel intensity 
(yellow) occurs at approximately 1.0 pm inside the track (image c), which has a measured thickness of 2.5 pm. Scale 

bar. 2.0 pm (a-d reproduced from Pctford and Miller (1992), Fig. 5, with permission).
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and XY coordinates of individual tracks can be 
measured and the first two of these variables plotted 
against their frequency of occurrence (Petford et al., 
1993).

It can be shown by geometry that the sine of the 
angle of inclination of a track is equal to the cross 
sectional area of the track divided by the area 
subtended at the surface; the shallower the angle, the 
greater the area subtended. While it is relatively 
straightforward to use image analysis to identify the 
largest area subtended and verify that it does not 
comprise overlapping tracks the determination of true 
cross section is not so simple. It could be argued that 
vertical tracks would subtend the smallest area but 
this is unlikely to be the case as the smallest could be 
a pit representing the tip of a track that originated at 
distance. A good approximation of cross sectional 
area can be obtained from the mode value of area, 9m 
(Miller et al., 1993a). In an unetched detector, the 
tracks of most common area (A) would have an angle 
of inclination of 45*. The cross sectional area of such 
tracks would therefore be equal to 0.707A (0.707 * 
sin 45°).

Using this value and the largest area of track 
subtended, a close but approximate value of the 
minimum retained angle (0) can be calculated from:

♦ (2) 

where 6m is the mode angle (Miller et al., 1993a). A 
revised value for 6m can be derived which allows a 
refined value of A to be calculated to provide a better 
estimate of minimum retained angle 0. The mode 
angle will increase as the minimum retained angle 
increases (Fig. 4).

Mode of inclination angle 9,

Fig. 4. Plot showing the relationship between minimum 
retained angle (0) and the mode of inclination angle. 
The mode of the inclination angle (0m) increases with 

increased etching (see text and eqn. (2)).

Perhaps a better means of determining A in that it 
involves more data is to consider the frequency 
distribution of the cross sectional area of vertical 
tracks. If it is assumed that tracks have constant cross 
sectional area for most of their lengths but have 
tapered extremities (Petford and Miller, 1992, 1993) 
there is a greater chance of the body of the vertical 
track intersecting the surface of the detector than the 
tip. It has been shown that experimental results and 
computer simulation of this assumption appear in 
good agreement (Miller et al., 1993b). Direct 
measurement of cross sectional area and most 
frequent area allow a direct measurement of 9m to 
be made. The value of 4> can be determined directly 
using equation 2. Such calculations allow the number 
of tracks counted per unit area to be corrected for 
those lost during etching from:

(Miller et al., 19936), where N « original number of 
tracks per unit area prior to etching, and C = tracks 
counted per unit area. Results obtained so far on two 
samples of external mica detector have suggested 
values of <(> • 9.8 and 10.0°, giving track losses of 
31.1% and 31.7% (Miller et al., 19936). These 
findings have major implications for fission track 
dating and perhaps also for the use of CR-39 type 
plastics in environmental monitoring.

Conclusions

We conclude that with the use of CSLM and image 
analysis, progress can be made in quantifying some 
of the procedural problems encountered in fission 
track dating and environmental monitoring using CR- 
39 plastics. The reported combination of CSLM and 
image analysis techniques developed for studying 
fission tracks might also prove useful in the study and 
quantification of other crystalline defects such as 
fluid inclusions and zoning patterns (Petford et al., 
1995), where 3D analysis might provide important 
information about their internal distribution.

Acknowledgements

Bio-Rad MRC 600 and Zeiss LSM 20 confocal 
microscopes were used in this study. Image 
processing was undertaken in collaboration with 
Seescan pic, Cambridge. Department of Earth 
Sciences, Cambridge publication ES 3763.

References

Birkholtz, W., Steinert, M., Strobe, P., Stetsenko, S. G. 
and Perelygin, V. P. (1989) Computer-aided 
evaluation of SSNDT. Nucl. Tracks, 16, 281—6.



IMAGE ANALYSIS OF FISSION TRACKS 201

Fleischer, R. L, Price, P. B. and Walker, R. M. (1975) 
Nuclear Tracks in Solids: Principles and Applica
tions. Unhrenity of California Press, 504 pp.

Retford, N. and Miller, J. A. (1990) SLM Confocal 
Microscopy: an improved way of viewing fuskm 
tracks. J. CeoL Soc., 147, 217-1.

Retford, N. and Miller, J, A. (1992) Throe dimensiooal 
imaging of fisskm tracks asing confocal SLM. Amer. 
Mineral., 77. 535-9.

Retford, N. and Miller, 1. A. (1993) The study of fission 
tracks and other crystalline defects asing confocal 
scanning laser microscopy. J. kficrosc., 179, 
201-12.

Retford, N., Miller, }. A. and Briggs, J. (1993) The 
■ntmiiaied counting of fission racks in an external 
detector by image analysts. Comps. Geosci., 19, 
585—91.

Retford, N., Miller, J. A. and Rankin, A. H. (1995) 
ProHminary confocal scaaning laser microscopy 
studies of fluid inclusions in quartz. J. Ificrosc., 
177 Qu press).

Miller, J. A., Horsfell, 1. A. G, Retford, N. A Tizard, R 
H. (1993e). Proposed methods for correcting

external detector fission track counts for tracks lost 
during etching. J. CeoL Soc., 158, 1051-4.

Miller, J. A., Horsfall, J. A. C, Retford, N. and Tizard, 
R. H. (1993k) Counting fission tracks in mica 
external detectors. PAGOPH, 148, 667-80.

Rebetz, M., Zoppis, B., Rebrab, A., Grillon, P., 
Grentina, E. and Chambaudct, A. (1991) ATOM: a 
semiautomatic measuring system for the analysis of 
fission track characteristics in anisotropic minerals. 
Nucl Trades Radii. Meat., 19, 225—60.

Silk, E. C. H. and Barnes, R. S. (1959) Examination of 
fossil fission trades with an electron microscope. 
PhiL Mat., 4 970-1.

Vincent, D., Clocchiatti, R. and Langevin, Y. (1984) 
Fusion track dating of glass mdurions in volcanic 
quartz. Earth. Planet ScL Lett., 71, 340—8.

Wagner, W. and Van den haute, P. (1992) Fission Trade 
Dating. Khiwer Academic Publishers, Dordrecht, 
Netherlands, 285 pp.

Wilson, T. (1990) Confocal Microscopy. Academic 
Press, New York, 426 pp.

[Revised manuscript received 29 July 1994]



Journal of Microscopy, Vol 178, Ft 1, April 1995, pp, 37-41. 
Received 6 September 1994; accepted 22 December 1994

Preliminary confocal scanning laser microscopy study of 
fluid inclusions in quartz

N. PETFORD,* J. A. MILLERf & A, H. RANKIN*
“'School of Geological Sciences, Kingston University, Kingston KTl 2EE, U.K.
fBulIard Laboratories, Department of Earth Sciences, University of Cambridge, Madingky Road,
Cambridge CBS OEZ, U.K.

Key words. Fluid inclusions, confocal microscopy. 

Summary

The initial results of the first dedicated confocal scanning 
laser microscopy (CSLM) study of fluid inclusions in quartz 
are presented. CSLM imaging of a large inclusion shows the 
quartz crystal to contain numerous small «1 /mi), highly 
reflective inclusions arranged along planes in at least two 
directions that are not readily visible in transmitted light. 
The technique allows measurements to be made of the 
angular intersection and orientation of the planes in both 
two and three dimensions. Results suggest that larger 
inclusions (>10//m) occur where two planes of 
small inclusions intersect, and that the shape of the large 
inclusions is controlled by the angular relationship between 
intersecting planes.

Introduction

Perfect crystals are unknown in nature. Crystal imperfec
tions range from point defects at the atomic scale to gross 
defects such as twinning and inclusions of liquids, solids 
and vapours on the macroscopic scale. Occluded traces of 
ancient vapours and liquids, trapped and preserved as fluid 
inclusions in natural minerals (Fig, 1), are of interest to 
mineralogists and earth scientists in providing a bey to 
understanding the physical and chemical conditions 
present during mineral growth. Since the pioneering work 
of Sorby (1858) during the development of the petrographic 
microscope, fluid inclusions have been the subject of study 
and speculation. Sorby showed that most crustal rocks and 
minerals formed in the presence of an aqueous phase will 
contain microscopic fluid inclusions which rarely exceed 
100/im in size (Fig. 2). In recent years there has been an 
explosion of interest in fluid inclusions, mostly owing to 
technological advances in the development of microbeam 
methods of geochemical analysis of individual phases 
trapped within inclusions (Rankin, 1989; Roedder, 1990).

One major limitation of destructive point methods is that 
it*is very difficult to determine the precise volume, and

© 3995 The Jloyal Microscopical Society

therefore mass of the contents of the inclusion, unless it is 
exceedingly flat or equant, which is rarely the case. So far, 
workers have either calculated volumes based on simple 
geometrical shapes such as spheres, cubes and oblate 
spheroids (Rankin et al., 1992), or used standard charts 
(e.g. Shepherd et al., 1985). Others have used pressure- 
volume-temperature-composition (PVTX) data of simple 
fluid systems such as H20-NaCl-C02 in combination with 
homogenization temperature data derived using a heating
cooling stage (Bodnar, 1983).

At room temperature, the contents of most aqueous fluid 
inclusions are heterogeneous with different proportions of 
brine, vapour and solid (Fig. 2). It is generally assumed, 
unless there Is evidence to the contrary, that the resulting 
fluid inclusions were homogeneous at the time of trapping 
at some elevated temperature. Because of the differential 
thermal contraction of the contained homogeneous liquid 
and the host crystal, a contraction vapour bubble (in reality 
a mixture of water vapour, C02l N2 and other condensable 
and non-condensable gases) develops. On cooling, the 
saturation points of many inorganic compounds are 
exceeded, and these precipitate out as daughter minerals, 
most commonly as crystals of NaCl, KC1 and CaS04.2H20. 
By reheating the sample on a specially constructed 
microscope heating-freezing stage, an estimate of the 
original trapping temperature can be obtained from the 
temperature at which the heterogeneous components of the 
inclusion homogenize and the PVTX properties of the model 
NaCl-H20-C02 system (Shepherd et al., 1985).

An alternative to the homogenization method of fluid 
inclusion geothermometry is the method of visual estima
tion of the liquid to vapour (±solid) ratio, known as the 
degree of fill. An accurate estimate of the degree of fill can 
be used in combination with the appropriate PVTX data to 
predict, rather than measure, homogenization temperature. 
This is especially important with small inclusions in 
inaccessible or delicate samples which could not withstand 
the standard sample preparation procedures of cutting,
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0 .•

cm

Fig. 1. Sketch of typical fluid Inclusion populations in a quartz 
crystal from a hydrothermal mineral vein. Individual inclusions 
form apparent trails that cross-cut the crystal.

grinding and polishing needed to prepare samples for the 
heating-freezing stage. Again, the major limitation to 
advance in the field is the lack of a suitable stereological 
method of estimating the volumetric proportions of phases 
in fluid inclusions.

Purpose of confocal scanning laser microscopy (CSLM) 
Imaging

Confocal scanning laser microscopy offers scope for refining 
and extending physical methods of fluid inclusion analysis. 
In CSLM, the objective and illumination are focused at the 
same point inside the specimen. This produces an image

Host mineral

Vapour bubble

Daughter mineral 
(Halite)

0 30
I_________ I

iua
Fig. 2. Detail of a typical (three-phase) fluid inclusion in quartz 
from a hydrothermal mineral vein. The three phases present in 
the Inclusion are a vapour bubble, brine and solid daughter 
crystals of salt (NaCl).

with a very shallow depth of field (see Wilson, 1990, for a 
comprehensive review). Images of successive optical slices 
from within the specimen under investigation can be 
recorded and stored electronically. Subsequent processing 
can be used to produce an image with an apparent in-focus 
depth of more than 20 pm. Because the images are recorded 
electronically, they can be manipulated. Conventional 
optical microscopy is not well suited to viewing defects in 
three dimensions owing to the inherent large ‘out-of-focus’ 
component. Petford & Miller (1993) showed how CSLM 
could be used to detect fluid inclusions in apatite. Here we 
expand on these earlier results and show how CSLM can be 
used to produce images of the internal detail of a crystal of 
quartz to allow the geometry of planes of small inclusions to 
be resolved. It appears that the large fluid inclusion studied 
was sited at the intersection of two of these planes. 
Conventional transmitted microscopy does not reveal the 
existence of these planes of small inclusions, nor their 
orientations readily.

Methodology

The images of fluid inclusions presented in this study were 
produced using a Bio-Rad MRC 1000 confocal scanning 
laser microscope operating in reflected light mode at 
wavelengths of 488 and 647 nm. Sample material was a 
single quartz grain about 2 mm thick from a tin-bearing 
quartz vein from Brazil, collected at a locality well known 
for the occurrence of inclusion-bearing minerals. The quartz 
grain was mounted on a glass slide and examined using a 
x60 oil-immersion lens (NA 1-4). Following the procedure 
of Petford & Miller (1992), raw image files (generally 15- 
20 Mb in size) were stored on a 3-5-inch optical disk prior to 
image processing.

Results

Figure 3 is a split transmitted light and reflected CSLM 
image of a fluid inclusion in quartz. The inclusion was 
located at a depth of ~60 pm beneath the surface of the 
quartz grain. The CSLM image (Fig. 3b) is a Z-series made 
up of 80 sections at O’3 pm increments, giving a total depth 
in Z of some 24 ^m through the fluid inclusion and 
surrounding quartz matrix. In transmitted light, the 
inclusion has a well-defined lozenge shape approximately 
3x5 pm in size, with a brightly reflecting gas bubble 
clearly visible towards its centre. The image also contains 
considerable out-of-focus information, but detail of fine 
structure within the surrounding quartz matrix is poor. 
However, a faint linear feature can be seen (arrowed) 
running diagonally across the image.

In confocal mode using reflected light, the image differs in 
a number of significant ways. The liquid phase that 
occupies most of the inclusion volume is non-reflective

© 1995 The Royal Microscopical Society. Journal ojMicroscopy. 178. 37-41
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Hg. 3. Split transmitted light (a) and reflected CSLM image (b) of a fluid inclusion in quart* located approximately 60 pm beneath the surface. 
The CSLM image is made up from a stack in Z of 80 sections at 0-3 pm increments. Under CSLM. the quart* matrix appears dark but contains 
a large number of brightly reflecting submlcrometre-sized (gas) Inclusions, not visible in transmitted light. Scale bar = 10 pm.

Fig. 4. Series of six reflected CSLM views (a-f) through the fluid Inclusion shown in Fig. 3. The Images represent a rotation of Z of 90° at 9° In 
intervals. The image in (e) is closest to the plane of observation. The Inclusion is situated at the intersection of two planes of submlcrometre- 
sized inclusions which meet at ~70o±4-5°. Scale bar = 10 pm.

© 1995 The Royal Mkroscopcal Society, leurtml <4 Mkrotcopy, 178. 37-41
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Pig. 5. False colour version of Fig. 4(e), highlighting the intersection (in X/Y) of planes F, and P2. Scale bar = lO/xm.

and thus appears black. In contrast, the gas phase is highly 
reflective. In CSLM, high reflectivity might perhaps be a 
diagnostic feature of the gas phase. The quart! matrix can 
be seen to contain numerous, submicrometre-sized inclu
sions whose bright reflectivity suggests that they too 
comprise mostly gas. Such detail on the fine scale is not 
visible in transmitted light The CSLM images show the 
large inclusion and demonstrate its mode of formation.

CSLM images might also provide important information 
concerning the fluid flow history of the sample. For 
example, the faint linear feature observed In transmitted 
light is seen in CSLM as a broad swathe of tiny gas-ftlled 
inclusions whose orientation defines the plane of an internal 
feature within the quartz grain. Hie recognition of such 
features on the grain scale might be important in under
standing fluid flow pathways in rocks. The fact that in this 
instance the feature appears to be planar is probably not a 
matter of chance.

Figure 4(a-f) shows a series of six CSLM views through 
the fluid inclusion and surrounding matrix shown in Fig. 3. 
The Images have been produced by processing the 80 
optical sections as a rotation of 54° at 9° Intervals about the 
axis normal to the plane of the images (Z-series). The fluid 
inclusion appears embedded in a cloud of tiny inclusions, 
that upon progressive rotation, resolve themselves into two 
separate planes. These are shown most clearly in Fig. 4(e), 
where the two planes intersect at close to 70°. The angular 
separation between Fig. 4(a) and (f) is 36°, giving the dip of 
the fracture plane in Fig. 4(a) of about 55° with respect to

the surface (X~y plane) of the quartz crystal. In order to 
measure the intersection between both planes more 
accurately, Fig. 4(e) has been enhanced in false colour 
(Fig. 5). While the image is dominated by the major plane 
(Fj), the less developed F2 plane can be seen to intersect Fj. 
While the rotated increments of 9° impose limitations on 
precision of the data, it is fair to say that the planes intersect

Fig. 6. Summary cartoon showing the geometry of the planes Fj 
and F2. and the control they exert on the shape of the associated 
fluid inclusion as deduced from CSLM.
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at approximately 70°. The relationship is particularly vivid 
when viewed sequentially by rotating the images iii real 
time. The possibility that intersections of planes of 
inclusions such as those described here control the location 
(and geometry) of fluid inclusions is considered further 
below.

Control of inclusion geometry

Given that the fluid inclusion described above is located at. 
the intersection between two planes of submicrometre-sized 
inclusions, this fact might account for the overall geometry 
of larger inclusions. Figure 6 is a sketch of the inclusion 
shown in Figs, 3 and 4 based on information on the shape 
of the inclusion as seen in transmitted light (Fig. 3a) and its 
relation to the Fi and F2 planes (Figs. 4 and 5).

Because the inclusion is three dimensional, the true 
orientation of the planes is best resolved using a processed 
image derived from a Z-series. The system used would not 
provide the rapid processing needed to produce a picture of the 
planes of the small inclusions and a precise measurement of 
their inclinations quickly, but the principle is demonstrated. 
As quartz contains no internal faces or twins, the planes 
defined by the small inclusions must be the result of external 
factors. Tension would provide a double fracture arrange
ment, and it appears possible that the orientation of the planes 
of inclusions might relate to the direction of stress.

It is, however, not suggested that all the large inclusions 
in the quartz crystal are produced by the interplay of these 
two planes of inclusions only; other planes probably exist. 
The position and size of the larger inclusions appear to be 
controlled by the relative abundance of the smaller 
inclusions.

Conclusions and further work

Confocal scanning laser microscopy can be used to reveal 
and measure the orientations of planes of inclusions in 
quartz. Results show that large inclusions can occur at the 
intersection of two planes, and that high reflectivity might 
be diagnostic of submicrometre-sized, gas-filled inclusions. 
Future work will investigate similarities and differences

between what are classed as primary and secondary 
inclusions.

Conventional microscopy has limitations when used to 
view three-dimensional objects. Development of CSLM 
techniques aimed at resolving the internal structure of 
individual inclusions non-destructively is being investigated 
as a means of measuring the degree of fill of fluid inclusions.
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ABSTRACT: Confocal scanning laser microscopy (CSLM) is used to produce images 
of the two- and diree-dimensional distribution and geometry of pore space in a 
reservoir sandstone and measure the 2D distribution of pore throat radii. Non
destructive serial sectioning of the rock using laser light at 100% iHumination, 
combined with image thresholding and histogram equalization techniques allow the 
pore volume structure of tire uppermost 100 pm of the sample to be reconstructed. 
Negative imaging of the pore volume gave superior depth and feature resolution 
compared to positive (reflection) imaging. Artefacts encountered in applying classical 
Medial Axial Transforms to CSLM images include branch networks dominated by 
coordination numbers of 3. Skeletonization using Euclidean distance maps gives 
increased accuracy in the description of the pore network. Measured pore throat size 
distribution in the rock is strongly exponential and described by the expression 

y=219e °'25x where j is the number of pore throats.

KEYWORDS: confocal ?Jiicroscopy, lasers, pore volume, pore stye, stereo logs, imaging

INTRODUCTION
The simulation of fluid flow through sedimentary rocks can be 
improved by accurate determination of the three-dimensional 
pore structure. This problem was highlighted in a US National 
Report that encouraged flagging interest in network models of 
fluid flow through porous media but accepted that ‘the most 
difficult component of network models (is) identification and 
specification of size distributions for pore bodies and pore 
throats, and co-ordination numbers, (Celia et ai 1995). Al
though porosity can be determined routinely using various 
methods (Collins 1961), critical parameters governing the 
microstructure of tire material, namely particle size distribution 
and shape, can be estimated statistically only by using 2D 
analysis (Underwood 1970). Conventional thin section imaging 
using scanning electron microscopy or optical microscopy is 
limited in that it can only analyse tire surface of a sample drat 
might have been damaged by mechanical sectioning. Confocal 
scamring laser microscopy (CSLM) overcomes many of these 
problems by allowing a non-destructive investigation of the 
complex 3D pore structure of geomaterials to be made.

In this contribution we expand on earlier work (Petford et al. 
1999) to show how confocal scanning laser microscopy can be 
used to visualize the complex microgeometry of pore networks 
in economically important hydrocarbon-bearing rocks. We 
outline a general procedure for processing CSLM images from 
porous geomaterials and highlight some of the technical diffi
culties relating to depth penetration and laser attenuation that 
can arise when producing images in solids. Problems diat can 
arise during processing CSLM images are addressed with 
reference to numerical simulations of fluid flow in porous 
media. We suggest ways in which CSLM imaging and data 
analysis can be used to make detailed 2D and 3D measurements

of connectivity, pore shape and pore size distributions in 
hydrocarbon reservoir sandstones. Finally, some implications of 
die work relating to reservoir characterization are considered.

CONFOCAL SCANNING LASER MICROSCOPY
Although CSLM is used routinely in the biological sciences, its 
application in petrology and mineralogy has so far been limited 
to a small number of studies (e.g. Petford & Miller 1990, 1993; 
Fredrich et al 1993, 1995; Fredrich 1999; Montoto et ai 1995; 
Pkonon et al. 1998; Menendez et al. 1999). Computer-controlled 
CSLM (Fig. 1) allows rapid non-destructive optical serial 
sectioning to a resolution of 0.2 pm in all planes (Code et al 
1986; Wilson 1990). Images are stored digitally for further 
processing. Imaging to a deptii comparable to the grain size 
allows a 3D reconstruction to be made from the stored sections 
in minutes using a PC. Image depth is limited by attenuation of 
die laser beam within the sample but it is controlled to some 
degree by the illuminating frequency. Fixed laser frequencies of 
488, 568 and 647 nm were available, with the ability to mix die 
gain on each. As discussed later, the intensity of die image 
depends upon the absorption characteristics of the sample. The 
depth resolution (A) at wavelength % is commonly defined as 
die distance between half-power points (3 dB) of the intensity 
response by:

, 0.452
£ =-------------------r-wi-------------- (1)

«[1 — cos (sin (A/n))]

where H-refractive index and M=numerical aperture of lens 
(Code et al 1986). Image Intensity depends on die attenuation 
of both die probe beam and the reflected beam, determining

C8,
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Illumination

Detector
Pinhole

Fig. 1. Diagram showing the set-up of 
a confocal scanning laser microscope 
system (from Wilson 1990). Collimated 
radiation is focused from a point source 
onto a pinhole, forming a 
diffraction-limited spot on the sample. 
Only reflected light from within the 
focal plane will pass through the 
detector pinhole. Speckle is eliminated 
by raster scanning a single illuminated 
point using an oscillating mirror. The 
term confocal arises from the objective 
lens being used to both illuminate and 
image the sample.

structure by enhanced solid matrix returns (positive imaging) 
or enhanced pore space returns (negative imaging). Positive 
imaging relies on the illuminating wavelength being reflected by 
the solid to a greater extent than the void space. Negative 
imaging uses the weak natural fluorescence of rocks to contrast 
with the artificially impregnated, highly fluorescent void space. 
Images were obtained over 256 intensity levels and at 10x 
magnification. Lateral and vertical resolution of 2 pm allows 
high resolution results for visualization, but the threshold of the 
intensity values of each image had to be set in order to 
determine pore structure accurately. Image processing was used 
to minimize the effects of depth attenuation and noise.

CSLM IMAGING OF A POROUS ROCK 

Sample material
One single rock sample was used in this study - a fine- to 
medium-grained (100-500 pm), moderately sorted, reservoir 
sandstone from the North Sea (courtesy BP Amoco UK). The 
rock has a measured porosity (He4>) of 24—27%. A core was 
impregnated whth the low viscosity epoxy resin AY105 Araldite 
with a butanone (ethyl methyl ketone) hardener doped with 
Pylam Blue. Throat penetration was verified directly from the 
planar images to the resolution used (2 pm). Impregnation has 
the added advantage of rendering the sample more robust. 
Sections approximately 1 cm2 were cut to 1 mm thickness and 
mounted (uncovered) on a standard glass slide ready for CSLM 
imaging.

Imaging procedure
The instrument used in this study was a Bio-Rad MRC 800 
confocal scanning laser microscope. Image processing and 
visualization were carried out using a 200 MHz PC. As mineral 
samples are far more stable that biological materials, full laser 
intensity (4 mV) can be used, although this increases the 
likelihood of fluorochrome bleaching (Pawley 1990). Over 
time, decreasing negative image returns arise from the unavoid
able constraint imposed because illumination is provided over 
the entire depth of the sample for every planar section imaged. 
Problems arise if bleaching occurs over a time comparable to 
that required to record the z-series, resulting in a false depth 
dependent effect in overall image intensity. However, in over 
one hour of 100% laser illumination, no discernible bleaching 
of the sample occurred. Further work is needed to test if this 
holds for reduced fluorochrome concentrations. Images 
from the sample were collected uniformly at a scale of 
1070 x 1070 pm2 using 10 x magnification, at a resolution of 
512 by 512 pixels. The laser was fixed to six outputs of 0.1%,

1%, 3%, 10%, 30% and 100%. Power could be changed 
throughout the depth, thus avoiding poor illumination deeper 
down and saturation near the surface.

Histogram equalization
Attenuation of the CSLM laser beam with increasing depth 
causes the overall brightness levels between each image to 
decrease, with a corresponding loss of contrast. To compensate 
for this, histogram equalization is applied to images as a 
pre-processing stage. The image histogram presented here is the 
number of pixels in the image having each of 256 possible 
intensity values (at 8-bit resolution). To improve and normalize 
contrast over the depth range we assume that the intensity 
order within each image is the same, regardless of the intensity 
range over which they are spread. Using the cumulative 
histogram as a transfer function, a more efficient use of the 256 
intensities is seen so that an equal number of pixels has each 
possible brightness value.

The effectiveness of histogram equalization can be seen in 
Figure 2. The raw CSLM image (Fig. 2a) was taken at a depth 
of 74 pm inside the sample. The equalized image (Fig. 2b) 
shows the emergence of newly revealed void space (bright 
white) beneath the solid matrix (black). Depth attenuation of 
void space can be seen as grey, previously indistinguishable 
from the solid matrix in Figure 2a. Feature extraction was then 
used to convert the images to a volume (a feature being the 
pore space against a background of solid matrix).

RESULTS

Negative imaging
CSLM imaging of the rock sample using wavelengths of 488, 
568 and 647 nm, with a 680 DF 32 filter gave images similar to 
that shown in Figure 2. The image shows well-distinguished 
features (angular grains of quartz and feldspar) with little or no 
blurring. Owing to significant depth attenuation, the laser was 
operated on 100% power throughout the volume. One conse
quence of this is saturation at the surface, but it can be 
overcome by starting depth imaging at a shallow distance within 
the sample. No problems are encountered in determining the 
position of the surface, as no image is seen unless the volume 
is entered. Owing to the high fluorescence of the epoxy, the 
pore structure can be identified easily. However, it also resulted 
in severe restriction of the depth attainable within the sample 
owing to high amounts of laser attenuation.

Negative volume reconstruction
By setting the threshold at the centre of the fluorescence peak 
for the equalized volume it is possible to produce an iso-surface
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Fig. 2. CSLM image of the 
impregnated sandstone sample used in 
this study: (a) raw (unprocessed CSLM 
image at 74 pm depth; (b) histogram 
equalized image of (a) with pore space 
(light grey) thresholded at constant 
value. Scale bar 300 pm.

reconstruction of the rock. Each raw CSLM image comprises 
approximately 0.25 MB and a typical Z-series image stack 
required for volume reconstruction is f. 10 MB in size. By 
reducing the image size to 128 x 128 using bi-linear interpola
tion, a voxel (3D pixel) reconstruction can be made easily and 
manipulated within the memory constraints of a standard PC. A 
volume reconstruction of the sandstone sample made with 
cubic voxels at depth steps of 2.1 pm (total depth of 90 pm) is 
shown in Figure 3. First, pore space surfaces were joined using 
polygons with light source shading. Edge skirts of the volume 
intensity were then added to improve the clarity of the image. 
The rock volume is well reconstructed with obvious depth 
detail.

POST-PROCESSING
Setting the threshold value of pore space accurately is necessary 
for further analysis, but some artefacts may still be present

Fig. 3. Forty-three slice voxel reconstruction (negative imaging) of 
the porous sandstone sample made up of individual CSLM images 
taken at 2.1 pm increments with a depth resolution of 0.1 pm. 
Opaque areas shaded red/orange are impregnated regions that define 
the pore space. Blue ‘hollows’ show the locations of individual 
grains. Image depth is 90.3 pm. Scale bar 300 pm.

owing to noise (Fig. 4a). These will show up as spurious 
deviations from the reconstruction, such as a very small isolated 
island of solid matrix. The most popular post-processing 
operation is simply to smooth the entire volume on the 
assumption that the noise occurs at the scale of resolution. 
Smoothing might work fairly well for random noise, 
but is inelegant and reduces the accuracy of the volume 
reconstruction owing to the size of the smoothing kernel

Fig. 4. (a) Intensity thresholded image of Figure 2b showing 
spurious noise (e.g. black flecks, bottom right of image), (b) 
Smoothed version of (a) using erosion (2 by 2 kernel, depth of 3). 
Note that although noise is removed from (a), the resolution of 
individual grain boundaries is degraded, resulting in loss of volume 
resolution. Scale bar 300 pm.
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(Fig. 4b). Volume resolution decreases by a factor of 9 in the 
simplest 3x3x3 case.

Euclidean distance maps
An important requirement in 3D imaging of rock porosity is 
the ability to recognize and remove any artefacts within the 
pore volume. Morphological operators such as erosion and 
dilation of the image can be used to perform the function of 
closing of erroneous holes in the pore space and opening the 
solid matrix as well as simplifying the volume representation 
(Doyen 1988; Russ 1995). However, this reduces the resolution 
of die image and might be counter-productive when investigat
ing the fine structure of the material. A useful way of removing 
artefacts is to realize that, in three dimensions, the solid matrix 
must be continuous throughout the volume and that a free 
floating ‘island’ of solid matrix is not possible. A useful 
post-processing technique in this context is the Euclidean 
Distance Map (EDM). An EDM is effectively a contour plot 
showing the nearest distance to the solid matrix at any point 
within the pore space and can be used to isolate areas of high 
and low porosity within the sample. Figure 5 shows an EDM of 
the CSLM image depicted in Figure 2. Regions of high porosity 
(largest distances from surrounding solid matrix) are shown in 
red, grading to blue at lowest porosities. Thresholds can be set 
on the EDM to give a ‘skeletonised’ line description of the pore 
network. The ways in which diese image-processing techniques 
can be used to quantify the pore geometry are expanded upon 
in the following section.

DISCUSSION
One of the goals of this work is to extract quantitative 
information about key microstructural parameters of rock 
geometry that can be used in numerical simulations of fluid 
flow in the real environment. It is clear from the CSLM images 
given earlier that, even on the micrometre scale, rock porosity 
is geometrically complex. One of the current problems in 
modelling fluid movement in rocks is that for realistic simu
lations it is imperative that oversimplification be avoided. For 
example, the common practice of treating the pore space 
(incorrectly) as a collection of cylindrical non-interacting tubes 
(Kozeny 1927) is still abundant in the literature. Dullien (1992) 
states that ‘nothing could be farther from the truth’ and favours 
a node and branch representation based on pore throats and 
pore bodies. To this end, stereological arguments summarized 
by Underwood (1970) are useful in extrapolating into the third 
dimension. For example, regardless of shape or topology, the 
following geometric relationships in isotropic solids hold true:

II > II fir 1! (2)

J’v-(4/7t)AA = 2PL, (3)

(4)

Py= VlLwSy — 2P^PL, (5)
where Kv is the volume fraction, Aa the area fraction, is the 
chord length fraction and Pp the point fraction, i’ysurface to 
volume ratio, LAlength of lines in plane per unit area, Pvfeature 
points per unit volume, PAfeature points per unit area, P, 
feature interceptions per unit length and /^length of lines in 
space per unit volume.

As an example of how stereological arguments might be 
misleading if used to estimate the transport properties of

porous rocks, consider the two channel geometries shown in 
Figure 6. The average hydraulic radius r of both channels is 
similar, but the presence of a pore throat of dimension smaller 
than r in channel B will result in markedly different flow 
properties. The mean hydraulic radius estimated in this way can 
be used in the equations of Kozeny (1927) or Walsh & Brace 
(1984) to find an estimate of permeability. This suggests that 
the important pore space parameters to retain are the position, 
length and radius of the constrictions or pore throats, 
accompanied by the positions of the channels and their 
connectivity. This analysis can involve the Medial Axis 
Transform.

Classical Medial Axis Transformation: procedures and 
problems
Medial Axis Transformation (MAT) provides a way of reducing 
a complex pore volume to a node and branch format, allowing 
easier visualization and analysis (Lam eta/. 1992; Lee et al. 1994; 
Lindquist et al. 1996; Fredrich & Lindquist 1997). In 3D 
Euclidean space the MAT is defined as the locus of all inscribed 
maximal spheres of the object where these spheres touch the 
(object) boundary at more than one point (Lam et al. 1992). An 
allied technique is that of skeletonization, or the reduction 
(thinning) of data, such as channel geometries, to a line trace. 
Classical algorithms for thinning exist in 2D (Pavlidis 1980) and 
3D (Lee et al. 1994) that perform erosion without splitting one 
region into two, artificially. However, this method of skel
etonization is very sensitive to minor changes and as little as 
one pixel difference on a feature boundary can alter the skeleton 
to add a branch or node. This has led Russ (1995) to caution 
that, given the difficulty of obtaining perfect binary represen
tations of features, it might be unwise to depend on a technique 
so sensitive to these variations. By smoothing the original image 
it is possible to produce a more reasonable skeleton but it 
reduces resolution needlessly and is, again, somewhat inelegant.

An example of the application of classical MAT-thinning 
algorithms leading to spurious coordination numbers is shown 
in Figure 7. Here, we have applied the classical MAT to the 
CSLM image shown in Figure 2 (and thereafter). Errors include 
spurious loops around isolated islands and breaks in the 
skeletonization (Fig. 7a). These breaks can be corrected using 
relaxation techniques, but the process is computationally ex
pensive. The classical algorithm also produces spurious connec
tivities of 3 (Russ 1995), which could introduce serious errors if 
we were to rely on it to describe the pore space. For example, 
the branching results of skeletonized images can be used to 
simulate fluid flow through a ‘lattice’ governed by the distribu
tion of n number of n branches (i.e. the number of alternate 
paths available at each node). The importance of knowing the 
true branch number distribution is as follows. It is our 
hypothesis that in a square lattice, 100% of the nodes have four 
branches. During fluid flow, breakthrough will occur regardless 
of the pore throat size distribution provided 50% of the 
branches are accessible over a large enough area. Introducing a 
very small number of nodes with three branches will cause 
botdenecks, while nodes with five branches will advance the 
flow. On average, flow through a three-branch network re
quires 66% of pore throats to be accessible (this is reduced to 
40% for a five-branch network). It thus becomes crucial to 
know the 3D pore size distribution within the sample.

Estimating connectivity and pore size distribution using 
EDM
Initial skeletonization performed using EDM is shown in 
Figure 7b. This image differs from the classical MAT (cf. Fig.
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Fig. 5. (a) False colour image of 
Figure 2 (grains shown in black) and 
(b) corresponding Euclidean Distance 
Map (EDM) showing the distance to 
the nearest wall (solid grain) from the 
midway point in the intervening pore 
space. Regions of highest porosity show 
up as red. Lowest porosity is shown in 
light blue and the edge defines grain 
boundaries (cf. (a)). Note that although 
the EDM description of pore space is 
in 2D, it can be extended simply to 3D. 
Scale bar 300 pm.

7a) in that the ‘backbone’ of Figure 7b is more accurate and 
does not have erroneous gaps. Isolating the backbone with 
further processing will allow more precise determination of 
co-ordination number than classical skeletonization. Given the 
importance of coordination numbers in network modelling (e.g. 
Celia et al. 1995 and the previous section), this is a significant 
result. The connectivity of each node can be found by counting 
the number of neighbours around each point in the skeleton. 
Removing the nodes allows the individual branches to be 
separated and processed in conjunction with their EDM values.

The most important parameter for each branch is its mini
mum throat radius (the minimum EDM value for each branch). 
Measurements of length and tortuosity can be calculated at this 
point. A strong exponential trend in the measured distribution 
of throat radii (minimum throat widths), compiled from EDM 
measurements can be seen in Figure 8, with minimum pore 
throat widths ranging from c. 1 to 30 pm («-830). The great 
increase in throat numbers with respect to linear throat radius 
suggests that the pore network is dominated by a large number 
of small throats, with relatively few large ones and is described 
by the expression:

y=2\9e~025x (6)

(r=0.995).
It must be stressed that this is a 2D section through a 3D 

structure and will contain some inherent geometric error. 
However, it gives a useful description of the pore space and 
suggests that without true 3D (e.g. CSLM-derived) reconstruc
tions, it is impossible to obtain the minimum throat size

Channel A

Hydraulic
radius<------>r

Channel B

pore
throat

=]^=

<------ >r

Fig. 6. Figure showing two channel geometries with the same mean 
hydraulic radius, but with B containing a narrow restriction (pore 
throat). Both channels will have different transport properties, 
despite their similar hydraulic radii.

distribution. While the stereological transforms of Underwood 
(1970) can be used to provide average 3D throat size distribu
tion from a sufficiently large 2D intersection. Figure 8 shows 
that simply taking the average pore throat radius, in this case 
15 ±8.5 pm is a crude and potentially inaccurate way of

Fig. 7. (a) Classical skeletonization of CSLM image in Figure 2. 
Note the high density of connections in the upper right of the image, 
dominated by triple junction intersects (coordination numbers of 3). 
(b) EDM skeleton of the pore structure shown originally in Figure 2. 
Note the simplification of the network compared with (a), resulting 
in a reduction in the number of spurious connections. This is a much 
more realistic description of the true pore distribution and connec
tivity across the sample (straight horizontal and vertical lines are 
artefacts introduced during skeletonization). Scale bar 300 pm.
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-0.25xy = 219e

8 120

= 60 -

2D pixel size/microns

Fig. 8. Graph showing the measured distribution of pore throat 
radii in a 2D section across the sandstone sample. The data show a 
strong exponential trend, with the population dominated by larger 
numbers of small throats.

determining the network representation of the pore structure, 
which from other studies suggest an underlying fractal 
geometry (e.g. Hansen & Skjeltorp 1988). Using the throat 
distribution in any further simulations introduces a problem 
that can be illustrated by analogy to a tree. Branch thickness 
might have a distribution similar to Figure 8, but the tree relies 
on having the thickest branch, the trunk, at its centre with 
smaller branches fanning out. To describe the tree requires the 
spatial knowledge that the branch thickness decreases as a 
function of radial distance from the trunk and that branch 
length is a function of height from the ground.

Finally, the skeletal shape is the other important factor that 
must be quantified. Pore branch length and tortuosity will 
presumably have smaller effects. If care is not taken in a flow 
simulation then the information gained by knowing the pore 
throat distribution might be lost by every path being ‘averaged 
out’ when neglecting spatial knowledge.

CONCLUSIONS AND SOME IMPLICATIONS FOR 
RESERVOIR CHARACTERIZATION

CSLM provides a means for non-destructive sectioning of 
impregnated porous rock at high resolution. The images can be 
rendered in 3D to allow visualization of the pore structure. 
WTiile problems arise with laser attenuation, increased imaging 
depth can presumably be achieved by reducing the concen
tration of fluorochrome. Negative imaging is the most effective 
way to examine the sample. Image processing of the raw CSLM 
images is crucial if reliable quantitative data are to be obtained. 
Estimates of the properties of a rock in 3D based on stereo- 
logical arguments might not be reliable where the pore channel 
network is anisotropic, or the hydraulic radius is variable. 
Classical (2D and 3D) Medial Axial Transforms and thinning 
algorithms of pore networks may produce artefacts and co
ordination numbers of 3. We recommend using an EDM 
skeletonization. A recipe for analysing CSLM images of porous 
materials is thus: capture-threshold-erode-EDM-MAT-data 
analysis. Initial results suggest that the distribution of pore 
throat radii in the rock sample is strongly exponential. Mislead
ing coordination numbers arising from an inappropriate appli
cation of the classical MAT to pore structure fed into numerical 
simulations could result in the production of unrealistic fluid 
flow models. Whilst the pore structure might be known very 
accurately for one cubic millimetre, does this allow large-scale

fluid flow to be predicted using CSLM? Analysing larger 
volumes will reduce the resolution achievable and would 
become tedious.

An important future goal is to quantify the significant 
properties of larger volumes of pore space based upon very few 
analyses using the confocal microscope. Future topics that 
deserve further investigation, using mathematical simulations in 
conjunction with CSLM, are:
• investigation of the possible fractal nature of the pore space;
• determining the degree of variability of the skeletal shape 

across the sample;
• deriving better spatial knowledge of the 2D and 3D throat 

distribution (is it always exponential?);
• determination of the depth and upper grain size limit for 

accurate imaging;
• more accurate determination of microfracture geometry in 

chalks, diatomites and crystalline rocks.
With regard to current procedures in reservoir characterization, 
CSLM has the potential to:
• characterize the microporosity and capillarity of clay 

reservoir components (e.g. kaolinite);
• provide (in principle) a non-destructive alternative to 

mercury injection capillary measurements;
• provide a means of identifying the distribution of insoluble 

residue (and other material) between matrix and pore space 
in carbonate rocks that occurs during burial and early 
di agenesis.
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Summary

Confocal scanning laser microscopy (CSLM) has been used 
to provide the first images of radon track populations in two 
external CR-39 plastic detectors. Measurements of variables 
including track area distribution and estimates of the angle of 
track inclination (dip) derived from surface CSLM sections are 
presented. CSLM depth slices, combined with three-dimensional 
(3D) visualization techniques, provide a new, non-destructive 
way of examining the 2D and 3D geometry of the etched tracks 
within solid-state nuclear hack detectors that may prove useful 
in complementing existing optical microscopy methods.

Introduction

Inhalation of alpha particles from radon gas (commonly Rn222) 
and associated ionizing decay products are known to cause 
morbidity in humans (Darby et al, 19 98). The main health 
risk associated with elevated radon levels in the environment 
is lung cancer, which in the U.K. results currently in 3-5% of 
total lung cancer deaths. For this reason, radon in buildings is 
monitored routinely in areas of known risk, where environ
mental radon (the gas emanating from the decay of naturally 
occurring U238 and Th232 in soils and rock) is considered a 
potential health threat (e.g, Scivyer & Gregory, 19 9 5), A number 
of methods of detecting radon are currently in use, the most 
widely used of which is etched-track detectors. In this tech
nique, heavily ionizing alpha particles leave tracks in the form 
of radiation damage that can be made visible by chemical 
etching. The formation of latent tracks results from the inter
action of the passing alpha particles with the atoms comprising 
the polymer. Track formation takes place over the order of
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n.petford@klngston,ac.uk

© 2005 The Royal Microscopical Society7

10-14s for a 1-MeV alpha particle via an electronic collision 
cascade process, which spreads outwards from the particle 
trajectory, resulting in a damaged zone. The radon detector, 
typically a CR-39-type plastic, is installed in a building usually 
over a 3-month period. After exposure, the detectors are sent 
to accredited laboratories for processing. As the latent tracks 
are not visible under an optical microscope, chemical etching 
is performed to render them visible. This is usually done by 
etching the detector in NaOH or KOH solution for about 6 h, 
after which the pitting made by alpha particles is revealed. The 
etch pits are then counted using a microscope, allowing the 
radon level to be computed. A number of internationally regu
lated counting methods have been set up for analysing radon 
exposure using passive detectors (Naismith etal, 1998). The 
majority use a combination of optical microscopes, spark 
counters and computer-based image scanning and processing 
systems. The etching characteristics of solid-state nuclear 
track detectors (SSNTDs), in particular’ CR-39-type plastics, 
are well known from experimental studies, where track evolu
tion with etching follows a well-defined geometry (Fews & 
Henshaw, 1982, 1984; Hatzialekou etal, 1988; Henshaw 
et al, 1994).

This present study is an extension of earlier work (Miller 
etal,, 199 3a,b; Petford & Miller, 1993,1995; Petford etal, 1993). 
aimed at classifying and quantifying the shape, size, area and 
angular distribution of nuclear tracks in natural and artificial 
solid-state detectors, which forms the basis of the fission 
track dating method (see Wagner & van der Haute, 1992). To 
produce fission track ages it is necessary to determine the 
uranium content of the material by counting the number 
of spontaneous (naturally occurring) and induced tracks 
(Fleischer etal, 1975). The latter are formed by irradiating 
the sample in contact with an external detector, generally a 
low-uranium mica or a CR-3 9-type plastic, where induced 
fission of U233 produces tracks in the detector that can be

C9,
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revealed subsequently by chemical etching. Although the 
track structure of alpha particles in CR-39 is different from 
that in crystals (unlike alpha particles, fission fragments 
produce high degrees of nuclear scattering along their paths), 
fission track dating is similar to radon monitoring in that 
external detectors are chemically etched as part of a routine 
designed to reveal and count induced fission tracks using an 
optical microscope. In fission track analysis, chemical etching 
can lead to problems that arise as the result of the different ways 
external detectors respond to the etching process. Although 
this can be overcome to a degree by calibration techniques, 
some of these problems include the potential for track loss, 
especially for shallow angle tracks, which can result in the 
incorrect age of a sample. Although confocal scanning laser 
microscopy (CSLM) is not used routinely in fission track dating, 
a method using CSLM to quantify potential track loss during 
etching was proposed by Miller et al. (1993a.b).

In this short communication we show how etched radon 
tracks in CR-39 plastic can be imaged successfully using CSLM. 
Image procurement is a rapid process and ranges of measure
ments of track properties are presented. We show how CSLM 
depth data can be combined to produce a three-dimensional 
(3D) image of tracks, and comment on the possibility of track 
loss during the etching process.

Method

Two samples of etched radon track detectors (sample numbers 
12 5 7617 and 12 59 717, courtesy Dr J. Miles, National Radio
logical Protection Board, U.K.) were examined using a Bio-Rad 
Radiance 2000 microscope in reflection mode, with a fixed 
wavelength of 543 nm and xlO magnification. A CSLM image 
from the surface of detector sample 1257617is shown in Fig. 1. 
Etched track pits can be seen clearly as dark holes. In total,

«

Fig. 1. Unprocessed CSLM image of radon tracks on the surface of external CR-39 detector number 1257617. Tracks show up as dark etch pits in the 
surface layer. Although tracks appear mostly circular to the eye. the median aspect ratio (R) for the measured population is 1.20, implying a degree of 
elliptical surface geometry, scale bar =150 tun.
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976 tracks from two sample populations were examined. For 
this study, the experimental conditions allowed only detailed 
2-sectioning through the material to a depth of c. 15 pm. As such, 
it was not possible to visualize the entire length of most indi
vidual tracks (see Results).

Data processing and analysis

Images of the tracks were acquired with a size of 512x512 
pixels and saved asTIF files. A linear distance of 10 pm corre
sponds to approximately 5 pixels. Software was written using 
MATLAB (The MathWorks Inc., U.S.A.) in order to process 
and analyse the images. The processing involves applying a 
threshold to form a binary image from which its complement 
was formed to give a negative image. The software enabled 
analysis of various parameters, including tilled area, orienta
tion. centre of area, and lengths of the major and minor axes. 
Each image was analysed rapidly and the results stored in a 
spreadsheet file.

Estimated angle of track inclination

Earlier studies on etched fission tracks in external mica detec
tors have shown that surface etch pits such as those shown in 
Fig. 1 can be used to estimate the minimum retained angle (()>) 
below which all tracks are destroyed by etching. Following 
Retford et al. (1993), the track inclination angle (8) for ellipti
cal surface holes (Fig. 1), can be approximated from sin 0 = 1 / 
R. where R is the measured (2D) aspect ratio of the track, 
defined as the major axis length divided by the minor axis length 
of the equivalent ellipse for the detected region. Results of this 
and other measured variables are shown in the following section.

Identification of artefacts

The CSLM images are not free of artefacts (e.g. internal flaws 
in the plastic or dust particles). Hence, before any further 
analysis could be undertaken, it was necessary to filter these 
out. Several methods were devised for this purpose. On each 
CSLM rack detector image, an area of 20 pixels corresponds

to a diameter of about 5 pixels or 10 pm. This represents the 
minimum area that was considered could be used reliably 
to identify an etched track from an artefact in the sample. In 
order to exclude such artefacts, the filled area function was 
used to identify tracks with areas in the range of 20-299 pixels, 
corresponding to a true area of between 90 and 1 3 50 pm2. 
Objects outside this range (although counted) were thus 
ignored in the statistical analysis presented below. Visual 
examination of the images was also used as a cross check 
to determine the upper area of 299 pixels in order to exclude 
multiple tracks. All tracks with an aspect ratio greater than or 
equal to 2 were considered artefactual and discounted from 
further analysis. Tracks that had a centre of area within 12 
pixels of the edge of the image were also excluded as those 
areas might include only part of a track. Finally, in order to 
validate the detection of tracks, one image from each data 
set was checked visually against the centre of area position 
of each track. For both samples, all the detected tracks corre
sponded to tracks identified visually.

Results

Figures 2 and 3 show histograms of area filled (in pixels) and 
angle of inclination for 517 tracks from sample 12 5 7617 and 
459 tracks from sample 12 5971 7. Data were obtained by 
analysing tracks in plane section only and as such might not 
represent the true population distribution. Despite this, com
parison of area filled (Figs 2a and 3a) for both samples show a 
non-normal distribution, skewed towards higher area values 
in sample 1259717 (Fig. 3a). Track inclination angles, esti
mated from 2D surface slices are likely to differ according to 
the size and shape of the radon chamber. Values in sample 
1257617 range from c. 30° to 82°, with a mean of 56°. The 
same data from detector 125971 7 show a more complex dis
tribution. with calculated values of inclination angle ranging 
from 31° to 84° with a mean of 58° (Fig. 3b). Other measure
ments, including 2D track orientation, ellipticity and centre of 
gravity, can be easily obtained from the CSLM images and soft
ware routines developed to analyse track populations. This 
software is available from the authors on request.

Fig. 2. Analysis of track data from detector 12 5 7617. 
(a) Histogram showing area filled in pixels (1 pixel - 
2 pm. n - 517). (b) Histogram of track inclination 
angles.

(a)

Sample 1257617, n= 517

(b)

Inclination angle (degrees)
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Sample 1259717, n * 459

30 40 50 60 70 80

Inclination angle (degrees)

Fig. 3. Analysis of track data from detector 1259717 
(n = 459). (a) Histogram showing area filled in pixels. 
The data are broadly similar to that shown in Fig. 2(a). 
but with some suggestion of a bimodal distribution, 
(b) Histogram of inclination angle, with data appearing 
to be skewed slightly towards higher angle tracks.

Fig. 4. Three-dimensional isosurface visualization reconstruction of tracks from sample 1259717 comprising 16 slices at 1-pm increments. Note that 
the r-axis length has been exaggerated by a factor of 5 for clarity. Scale bar = 1 50 pm. Arrow denotes base of image. (a) View looking side on showing the 
approximately cylindrical and straight-walled geometry of the tracks with depth in this representation, (b) Image (a) rotated about two axes, (c) Sample 
viewed from above with an orthoslice through the bottom surface (arrowed). Note the range in track thickness (recorded at the surface as track area filled), 
(d) A close-up view through the slide showing variation in track length and shape.

11) visualization and track geometry with depth

A software system was also developed to provide 3D visualiza
tion of the track images using IRIS Explorer (NAG Ltd. Oxford, 
U.K.). A similar approach to analysing CSLM images of blood 
cells has been described (Wertheim etai. 2000). In essence, 
the images were read and an isosurface module was used to 
extract the surfaces. These surface data were then passed to a

render module. The render module allows the 3D visualization 
to be rotated and zoomed for more detailed examination.

Figure 4 shows an isosurface visualization of a z-series 
comprising 16 CSLM images at 1 -pm increments through a 
section of tracks exposed in detector sample 1259717. The z- 
axis scale is exaggerated by a factor of 5 in order to show the 
depth shape of the tracks more clearly. Viewed in this way, at 
least 12 approximately cylindrical tracks approximately 3 5 pm

C 200 5 The Royal Microscopical Society, journal of Microscopy, 217,179 -18 3
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in diameter can be seen, along with ten or so tracks of smaller 
diameter that appear more cone shaped. The smaller diameter 
hacks appear to be genuine and not artefacts as the}' are seen 
on contiguous slices in the isosurface representation. All 
hacks emanate from the top slice. Some hacks do not continue 
to the full depth, and for a few of these, there are corresponding 
impressions on the bottom slice. Several tracks are clearly inclined.

Discussion

A problem encountered in this study relating to the decreased 
level of illumination with depth means that it has not been 
possible to image the full extent of the majority of tracks in the 
vertical plane. Earlier and extensive studies of etching of 
alpha particles in CR-39 plastics show a well-defined geome
try due to enlargement of the etch pit at the bulk etching rate 
(e.g. Fews & Henshaw, 1982). To progress the CSLM method 
further in a way that would complement existing optical 
methods, future experimental work will be aimed at: (1) imag
ing tracks in their entirety and (2) quantifying the variation in 
track cross-section with depth for comparison with computer 
models of changing horizontal profile with track length (Fews 
& Henshaw. 1984). In this way. a full geometrical representa
tion of track structure, visualized in three dimensions, may 
provide useful new information to complement the existing 
SSNTD literature. By analogy with earlier CSLM work on the 
etching characteristics of external detectors used in fission 
track analysis, it is also possible that during chemical process
ing some low-angle radon track etch pits may be lost, leading 
to an underestimate of the true radon exposure level. Previous 
studies using etched mica detectors have revealed track loss in 
excess of 30% (Miller etaL, 1993a). Future work on larger 
data sets will be aimed at developing better 3D track visualiza
tion and performing controlled experiments to quantify and if 
needed correct for tracks lost during etching.
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Introduction

N. Petford

The first workshop on the newly discovered post-perovskite (ppv) 
phase (Murakami et al. 2004; Oganov and Ono 2004), was held in 
October 2005 at the Tokyo Institute of Technology, Japan, or
ganized by professor K. Hirose and colleagues.

In all, around 80 deep earth scientists including 30 overseas 
(non-Japanese) visitors and participants attended the two-day 
meeting, the final day devoted to a tour to the Earth Simulator 
Centre. The meeting was organized into four complementary 
sessions involving:

1. Experimental mineral physics
2. Computational mineral physics
3. Seismology
4. Geodynamical modeling

All of the meeting abstracts are presented here to commem
orate this important meeting. A conference photograph is 
included (see last page). It is expected that individual papers will 
be published in a special issue of Geophysical Research Letters in 
2006. Much was discussed, but a number of important conclu
sions are identified below.

• Large experimental uncertainties exist concerning the ppv 
Claperyon slopes and more importantly the intercept, where the 
temperatures of the transition can be uncertain by 1,000 K at 
the CMB.

• Heat transfer from the core across the core-mantle boundary 
is influenced, perhaps strongly, by the ppv Clapeyron slope. 
This fact introduces new uncertainty into models of man
tle cooling and the famous Nu ~ Ra**l/3 law may need 
revision.

• There may be good evidence of ppv underneath the Cocos Plate 
area, this is by far the most-studied region.

• High-spin to low-spin transition of Fe + + is possible in the 
mantle and may contribute to radiative thermal conductivity at 
the CMB.

• Mantle sucking of liquid metal into D" due to deformation 
(Kanda and Stevenson 2006; Petford et al. 2005) may enrich the 
lower mantle in Fe. Post-perovskite has a larger affinity for Fe 
mole fraction than perovskite, meaning that infiltration in the 
presence of ppv may result in density increases and higher 
conductivities (Mao et al. 2006),

N. Petford (E!)
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Compositional effects on post-perovskite phase transition

Kei Hirose
Tokyo Institute of Technology, Japan
The first publication on the post-perovskite phase transition by 
Murakami et al. (2004) showed that it occurs in MgSi03 
approximately at 125 GPa and 2,500 K using Pt as internal 
pressure standard. This phase transition was later observed in 
(Mg,Fe)Si03 (Mao et al. 2004), (Mg,Fe)2SiC>4 (K. Hirose et al. 
submitted), natural pyrolite (KLB-1 peridotite) (Murakami et al. 
2005), and MORB compositions (Hirose et al. 2005b). In these 
experimental studies, different pressure standards of NaCl or Au 
were used, because Pt chemically reacts with FeO in these Fe- 
bearing samples. All of these studies on Fe-bearing and natural 
systems demonstrated that the phase transition boundaries are 
located at about 110 GPa, which is much lower than the 125 GPa 
in pure MgSi03 determined by the Pt pressure scale. This some
times led to the conclusion that the compositional effect on the 
post-perovskite phase transition is significant (e.g., Mao et al. 
2004). However, it could be due to the difference in the pressure 
scale used in these experiments. Very recently, Hirose et al. 
(2005a) compared the experimental data on MgSi03, 
(Mgo.ggFeo.i 1)28104, natural pyrolitic mantle (KLB-1 peridotite), 
and MORE compositions, on the basis of the same Au pressure 
scale proposed by Tsuchiya (2003) (Fig. 1). Results show that the
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Fig. l Stabilities of perovskite (solid symbols) and post-perovstkite, 
based on Tsuchiya’s Au pressure scale. Diamonds, in MgSiO? 
(Hirose et al. 2005a); circles, in (Mgo g9Feo ii)2Si04 (Hirose et al. 
2005a); squares, in pyrolitic mantle (KLB-1 peridotite) (Murakami 
et al. 2005); triangles, in MORB (Hirose et al. 2005b).All of these 
data are consistent with the phase transition boundary in MgSiOj, 
shown by the bold line

stabilities of perovskite and post-perovskite in these Fe-bearing 
natural compositions are consistent with the phase transition 
boundary in pure MgSi03. It indicates that the compositional 
variations from pure MgSiOj to natural compositions have little 
effect on the post-perovskite phase transition.

References

Hirose K, Sinmyo R, Sata N, Ohishi Y (2005a) submitted 
Hirose K. Takafuji N, Sata N. Ohishi Y (2005b) EPSL 237:239-251 
Mao WL et al. (2004) PNAS 101:15867-15869 
Murakami M. Hirose K. Kawamura K, Sata N, Ohishi Y (2004) 

Science 304:855-858
Murakami M. Hirose K, Sata N. Ohishi Y (2005) Geophys Res 

Lett 32:L03304
Tsuchiya T (2003) J Geophys Res 108:2462

Physics and chemistry of ferromagnesian silicate 
post-perovskite

Wendy L. Mao
Los Alamos National Laboratory
Pressure effects on the physics and chemistry of the post- 
perovskite (ppv) phase in the FeO-MgO-Si02 system have been 
studied with synchrotron X-ray diffraction and X-ray emission 
spectroscopy. Synthetic and natural starting materials of ortho
pyroxene and olivine compositions were compressed up to 
150 GPa and heated to 2.000 K with a double-sided laser sys
tem. The formation of ferromagnesian silicate post-perovskite 
were monitored with in-situ X-ray diffraction and after tem
perature quench. Addition of Fe stabilizes the ppv and shifts the 
perovskite-ppv transition to lower pressures. Fe K emission peak 
shape indicates that Fe in ppv is in a magnetic, spin-paired (low- 
spin), electronic state. The low spin state reduces the free energy 
of formation of the iron-rich post-perovskite, partial molar 
volume of Fe, seismic velocity, infrared absorption, and

increases radiative heat transfer. It enables the mantle silicate to 
uptake Fe from the metallic core to form a dense, Fe-rich silicate 
layer. The layer, too heavy to rise during mantle upwelling, will 
be left behind, providing a possible explanation for ultra-low 
velocity zones.

Compressibility and structural evolution of silicate and germanate 
post-perovskite phases at high pressures
Thomas S. Duffy1, Atsushi Kubo1, Sean R. Shieh2, Guoyin 
Shen3, Vitali B. Prakapenka3
'Princeton University, New Jersey, USA, 2National Cheng Kung 
University, Taiwan, 3GSECARS, University of Chicago, Illinois, 
USA
E-mail: duffy@princeton.edu
The post-perovskite (ppv) phase transition has important impli
cations for interpretation of the D" layer at the base of Earth’s 
mantle. Here we report equation of state (EoS) and structural 
data on the ppv phase (CaIr03-type, Cmcm) in silicates and 
germanates with compositions in the MgGe03, (Mg,Fe)Si03, and 
(Mg,Fe,Al)(Si,Al)03 systems. Germanate and silicate ppv phases 
were synthesized from orthopryoxene and glass starting materials 
at high pressures and temperatures using laser-heated diamond 
cells with Ar or NaCl pressure medium. Angle-dispersive X-ray 
diffraction experiments were conducted at the GSECARS sector 
of the Advanced Photon Source. For MgGe03, EoS data (bulk 
modulus, its pressure derivative, and room pressure unit cell 
volume) were obtained using Birch-Murnaghan EoS to be 
203(6) GPa, 4.4, 179.7(9) A3. Rietveld refinement of MgGeG3- 
ppv was performed using GSAS/EXPGUI. Our measured pres
sure-volume data for the post-perovskite phase of (Mg,Fe)Si03 
yield a bulk modulus of 219(5) GPa and a zero-pressure volume 
of 164.9(6) A3 when K0 = 4. Direct comparison of volumes of 
coexisting perovskite and CaIr03-type phases at 80-106 GPa 
demonstrates that the post-perovskite phase has a smaller volume 
than perovskite by l.l(2)°/o. Using measured volumes together 
with the bulk modulus calculated from EOS fits, we find that the 
bulk sound velocity is expected to decrease by 2.3(2.1)% across 
this transition. We have also carried out experiments using glass 
starting materials with compositions along the MgSi03-A10i.5 
join. The post-perovskite phase has been synthesized and its 
compressibility and stability limits have been determined for 
compositions with 10 and 20 mol.% AlOi 5 component.

MgSi03 post-perovskite phase P-V-T equation of state
N. Guignot1. D. Andrault2, N. Bolfan-Casanova3, G. Morard1, 
M. Mezouar1
'ESRF, 6 Jules Horowitz, BP 220, 38043 Grenoble Cedex, 
France, 2IMPMC, 140 rue de Lourmel, 75015 Paris, France, 
3Laboratoire Magmas et Volcans, 5 rue Kessler, 63038 Clermont- 
Ferrand Cedex, France
The high-pressure Pbnm-perovskite polymorph of (Al,Fe)-MgSi03 
has been thought to be the major phase in the entire lower mantle 
for decades. However, Murakami et al. (2004) and Oganov and 
Ono (2004) have shown recently that Pbnm-perovskite MgSi03 
undergoes a phase transition around 125 GPa and 2500 K trans
forming to Cmcm Calr03 structure post-perovskite phase. This 
discovery is of major importance, since the pressures and temper
atures needed to induce this phase transformation roughly corre
spond to the conditions prevailing in the Earth’s D" layer. This 
lowermost part of the lower mantle is the probable destination of a 
non negligible part of downwelling subducted slabs, the probable 
source of superswells and mantle plumes, and the site of chemical 
exchanges with the core, all of this being ruled by the very steep 
temperature gradient near the core-mantle boundary. It is there
fore necessary to provide precise data on the post-perovskite phase 
compressibility. The flat sheets of Si06 octahedra produced in the 
MgSiG3 post-perovskite structure, with Mg2+ cations in-between, 
are likely to significantly alter its compressibility compared to the
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