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Abstract

Sheet intrusions provide key pathways for magma transport and storage as it flows through
0KS 9 NI K Qsiudi€s kbza an dhe relatighdhip between the intruding magma and
the host rock through which it propagates, howevee flow and emplacemenprocesses
occurring within the magma are often poorly constrained. Understanding this is vital for
understandinghe behaviour of active volcanic systems and the development of bodies of
economic interest. To address this, | study how magnetic fabrics are preserved in a natural
sill and dyke in combination with laboratory experiments using analogue materials to
invedigate the evolution of intrusion propagation and solidification.

The geochemistry and petrology of sills of the Little Minch Sill Complex, Isle of Skye, are well
documented, however the physical processes of emplacement, i.e. magma flow and
solidification, are relatively understudied. The studied sill was 6 m thadkcrinanite
composition and a sheet with evidence of magma fingers. Anisotropy of magnetic
susceptibility (AMS) and anisotropy of anhysteretic remanent magnetization (AARM)
techniqueswere combined with petrologyto understand how magnetic fabrics vary across
the sill length and thickness. AMS fabrics identified two groupings: Group A at the sill margins
showed an initial magma flow aligned with the lofaxis of the magma fingers, whereas
Graup B in the sill interior shoed flow reorientation whichwas inferred to have occurred

due to magma finger coalescence. AARM fabrics identified agmptacement flow regime,
associated with migration of interstitial melt through the solidifying crystalsh. The
contrasting fabrics demonstrate that multiple flow regimes were operational within the sill,
and that these can be identified using multiple rock magnetism techniques.

Within a basaltic dyke from the Skye Dyke Swarm, multiple magnetic fabricecmeled

and originate from contrastingrocessesWithin the dyke core, magnetic fabrics originate
from titanomagnetite, however in margin regions pyrrhotite becomes the dominant source
of the fabrics. | identified that within the dyke corerecord of lateral magma flow was
preserved, however closer to the margins the fabrics were more indicative of magnetite
breakdown and growth of pyrrhotite from a sulphide rich hydrothermal fluid which had
overprinted any primary flow indicator. There wdsavariation in fabrics along strike of the
dyke, with alteration of the dyke core also evident nearer to branching in dyke strike. This
study shows the complexity and variation in magnetic fabrics, how this can vary over short
(~13 m) distances and car bffected by posemplacement alteration.

To understand how magnetic fabrics, develop during the propagation of sheet intrusions, a
series of laboratory experiments were conducted. In these experiments plaster of Paris
(magma analogue) seeded with magtetfparticles, a pseudoplastic fluid, was injected into

a box filled with flour (host rock analogue), a cohesive granular material. These materials
were used to identify the evolution of AMS fabrics across multiple slices of model intrusions.
The experimerdl intrusions formed a range of magma bodies including plutons, dykes,
laccoliths and fingers, which indicate a range of processes occurring during initial
emplacement and subsequent intrusion growth. AMS analyses of thaegllel slicescut
perpendicularto the flow axis identified compressional and shear fabrics closer to the
intrusion margins and towards the intrusion leadiiygs. Magnetic fabrics indicative of flow

in the propagation direction were formed closer to the intrusion core and are likeetho
observed in nature, thus demonstrating the potential of laboratory modelling for studying
emplacement processes.

In combination, these studies of natural intrusions and laboratory experiments investigate
the development and evolution of magnetic fabriasross the length and thickness of
intrusions. This is important as understanding the evolution of flow during dyke and sill
emplacement is vital for determining and improving current emplacement models.
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Chapter 1Introduction

This chapter forms &rief outline of the why studying magmatic intrusions is important,
before outlining the key research questionsefe isa brief description of each of the
chapters which have been written in paper format andvé either beenpublished or

prepared for submissian

1.1 Why study magmatic intrusions?

Understanding how magma is transported and emplaced within the crust is important for
understanding the behaviour of active volcanic regions, on E&tradwick et al., 2011;
Bagnardi et al., 2013)nd other bodies across the solar system, i.e(Mltlson and Head,
1983) Volcanic and igneous plumbing systems form the pathways that magma flows through
within the crust, with the magma transported through a range obtistures, including but

not limited to dykes, sills and laccoliths. Some of which propagate to the surface and erupt
whilst the majority arrest in the cruge.g. Crisp1984; Gudmundsson, 2008igure 1.1).

Being able to monitor the propagation of magma intrusions in real time allows for more
accurate forecasting of impending eruptiofi®e et al 2011) as magma can be transported

for many kilometres (both vertically and laterally) from its source prior to eruption; e.g. up
to 40 km for the 2014 Bardarbunga eruption, Iceland (Sigmundsson et al., 2015) to >2100 km
for the MacKenzie Dyke Swar@anada (Erngtnd Baragar, 1992Thiscan increase the risk

to populations notlocal to volcani@difices such as during the 2018 eruption of Kilauea,

I I gil wh&emagma was erupted from the Lower East Rifte in the Pahoa district~40

km form the volcano summit)destroyingover 600 homesé / 2 dzy & 2F .1 | 61 A Q.
Magmatic intrusiongre also oeconomic importacefor mining and geothermahdustries,

as they can béost to a range of economically significant deposits such as cqupehyry

(Sun et al., 2013nddiamonds(Russell et al., 2019r provide pathways for the transport

of postemplacementydrothermal fluidghrough the cust (Stimac et al., 2015)

Further studiesnto magmatic intrusionsre need to unravel the dynamics of magma

intrusion both synand postemplacement asmaost previousstudieshavefocused on only

the initial magma flow trajectoy and our current understanding often assumes
unidirectionalmagma flow However, backflow into thevolcanic vents when magma flux

wanes hasalso been identifiedin 2 6 a SN (A 2y a 27T (QhHzeJaid2 ya |
Anderson, 1998)thus indicatinghighly variablemagma flow directiongan occurthrough

time, and potentially at depthvolcanic and igneous plumbing systersogrovide pathway

for the flow of pst-emplacementhydrothermalfluids whichmayalter pre-existing mineral




fabricsor depositnew minerals More detailedstudies into magma flow dynamiesross the
breadth of intrusions can be used as proxies for time intervals associated migigma
transport and solidification, whictould havelarge impacion our current understandings of

intrusion emplacement.

1.2 Researclyuestions

From the background covered here a series of research questions have been developed

which | will try to address within this thesis.

1. How does magma flow vary across the length and breadth of an intrusion?
This is the main underlying question that undergith€hapters of this thesis.

2. How do magnetic fabrics vary across the length and breadth of solidified
magma intrusions in nature? This questioadslressedn chapters3 and 4.

3. What are the processes that produce different magnetic fabrics and what can
they tell us about the syrand postemplacement processes ancient, solidified
intrusions? This question is addressed in chapters 3 and 4.

4, How is flow preserved within laboratory models that use analogue materials
and what can these models tell us about magma flow in nature? Thistiqn is

addressed in chapter 5.




Chapter 1: Introdation

Dykes
(Chapter 3 & 4)

N
()
N
Sills
(Chapter 2 & 4)

Figure 1.1Diagram showing a volcanic plumbing system with a series of interconnecte
and dykes. The intrusions identified will be covered in the respective chapters identifi

1.3  Outline of the thesis

Chapter2 forms a review of multiple aspects of dyke and sill emplacement. It covers a range
of topics from dyke and sill emplacement models to how flow is recorded in the reaato
microscale fabrics o&ncient, solidifiedsheet intrusions, including rock magish and
magnetic anisotropy. There is also a detailed review of laboratory modelling and how sheet

intrusions are studied using these techniques.

Chapter 3 focusses on how magnetic fabrics vary across the breadth of a sill and what the
differences in falics mean in terms of the emplacement and solidification of the sill (Figure
1.1). The section of studied sill is situated in an abandoned quarry near Inver Tote, Isle of
Skye Scotland. Samples were collected at 50 cm spacings across the thicknesd dfdne si

four sites due to restrictions with access. These samples weregesktuzy Anisotropy of
MagneticQusceptibility(AMS) Anisotropy ofAnhystereticRemanentMagnetization (AARM)

and rock magnetism with some optical and scanning electron petrolgy data are then

discussed and used to identify the emplacement and solidification history of the sill. This




OKILJGSN) Ad Lzt AaKSR a a¢KS 2NAIAY |yR S@g2f

et al.(2019)in the journal Frontiers in Earth Science.

Chapter 4 is a detailed study of how magnetic fabrics vary across the length and breadth of
a dyke from the same location as the.sillere AMS and AARM fabrics are measured and
analysed to identify the processes occurring both-synd postemplacementFor the dyke,

two completetransectsof 2 and 1.7 nbreadth,were sampled at two sites separatbg 13

metresalong strike (Figure 1.1).

Chapter 5 is a study on how magnetic fabrics vary across the length and breadth of analogue
intrusions created in théaboratory. In this study, a box was filled with fine grained wheat
flour (host analogue) and intruded by plaster of Paris (magma analogue) seeded with
magnetite particles which give rise to the magnetic fabrics being studied. After injection and
solidifiation of the plaster, the intrusions were excavated to study their external
morphologies. After which they werit into thin sliceso studytheir internal morphologies

and subsequently drilled for core samples to study the magnetic fabrics (AMS) iff¢nerd

sections of the intrusions.




Chapter 2 Review of dyke and sill emplacement

Magmatic intrusions have been studied in a variety of ways and using a variety of techniques.
This chapter forms a review of the different types of magmatic intrusions, intrusion dynamics
and how magma flow is preserved in the rock record within ma&cak structures, and
micro-scale and magnetic fabrics, as understanding intrusion propagation and emplacement
is important for a range of settings. | also include a review of analogue modelling techniques
and how they have been utilized for understanding aga of magma rheologies and the

processes occurring during the emplacement of sheet intrusions.

2.1 Intrusion types

Magmatic intrusions come in a range of shapes and sizes, from thel#teebbdies of dykes
and sills, to domehaped laccoliths or larger pons. Dykes are vertical to swertical sheets
with dips of 8690°, which generally have two walls and are usually discordant to bedding
planes(Kavanagh, 2018)he length to thickness ratio of dykes is generally quite large, at
10** (Gudmundsson, 2002; Barnett and Gudmundsson42@lykes are common structure
for magma storage as onti0% propagate to the surface and ery@udmundsson et al.,

1999)

Sills are emplaced as horizontal to sudrizontal sheet intrusions with dips ofID°. They

have a floor and roof and are generally emplaced concordant to bedding pl@a#land et

al., 2018)e.g. in the Little Minch Sill Complex, Isle of Skye (Chapter 2). However, there are
some exceptions to this rule where sills have been emplaced horizontally, but discordant to
bedding planes, e.g. Loch Scridain Sill Complex, Isle of Mull, Scotland (Holness and
Humphries, 2003). Whilst some sills have sheet like morphol@gigsFerrar Large Igneous
Province, Antarctica; Airoldi et al., 201sme others have geometries more akin to fingers
(e.g. Sbnkin Sag Sill Complex; Pollard et al., 197&}coliths are similar to sills in that they

are horizontally oriented bodies, however they have a domed upper surface, e.g. Sandfell

laccolith, IcelandMattsson et al., 201&nd tend to be more evolved compositions.

2.2 Dyke and sill emplacement models

Dyke and sill emplacement is controlled by a number of factors associated both in the host
rock and the intruding magma, these include host rock stren@hdmundsson, 2002;
Kavanagh et al., 2006jnagma overpressur@icLeod and Tait, 1999nagma rheology

(Magee et al., 2013@nd magmdlux (Castro et al., 2016}rom these properties, twmain




Chapter 2: Review of dyke and sill emplacement

contrasting models of intrusion propagation have been developed: the hydraulic fracture

model and the viscous indenter model.

A P>y
o : :
13 Tip cavity
Velocity
profile D; <« 0,
1
o
’ Host rock
B el o
Velocity € /"W P
profile o~ ¥
Host rock

Figure 2.1Emplacement models for magma emplacement as sheet intrusions w
0KS 9 NI KQa ONHza (ue mbdél witefe $nagihd evelpreszure
greater than the pressure in the host rock keeping the fracture closed, as such «
fracture propagation(Lister, 199Q)B) The viscous indenter model where mag
forces its way into the host rock causing it to deform by ductile deformation, pus
the soft host rock out ofstpath(Donnadieu and Merle, 1998; Mathieu et al., 2Q0:

The hydraulic fracture model is associated with a stronger crustal body, inferring an elastic
crust that deforms by brittle &cturing at the intrusion tip from pressure applied to the tip
from the propagating magma (Figure 2.1A). Fracturing and opening of the tip region creates
space into which the magma can flow, resultingignpropagation. Stresses within the crust
determine the intrusion orientation with maximum stress if being the propagation
directionand the minimum stress §) being the opening directiofAnderson, 1951)Fracture
propagation arrests when either a stiffer rock layer is reacli¢édvanagh et al., 2006;
Gudmundsson, 2011jhe magma finds an alternative pathwés.g. Acocella et al., 2009;

Magee et al., 2013a)r there is a drop in overpressu(€aisne and Jaupart, 2009)

The viscous indenter model infers that the crust deforms in a ductile manner and is forced
out of the way of the intruding magma (Figure 2.XBglland et al., 2006)This style of
emplacement is more common where sills are emplaced into sedimentary environments
where the host rock is less consolidated and can be pushed aside or where hot magma can
vaporise pore fluids which subsequentlyidlise the rock{Kokelaar, 1982; Schofield et al.,

2012a) It is also more common with higher viscosity magmas, which force their way through




poorly consolidated materigMathieu et al., 2008)It is common at range of viscosities,
however the intrusion morphology with higher viscosity magmas often evolves to form
laccoliths(Merle and Vendeville, 19955 tofield et al.(2012a)identified a relationship
between the emplacement dep and style of emplacement of horizontal sheet intrusions,
with a boundary occurring at around 2km depth. Above this depth, structures more
commonly associated with nelorittle processes occur, whereastheen2 and 5km depth,

structures associated withrittle deformation occurred.

2.3 Indicators of magma flow

Understanding intrusion emplacement mechanisms is important for identifying how magma
behaves in active volcanic settings, however, the processes occurring within the flowing
magma are often overlookedBYy studying the structures exposed within ancient solidified
sheet intrusions, from macrdo micro-scale, the processes forming them can be identified
(Kavanagh, 2018Yhese processes may have both-symd post emplacement origins e.g.
magma flow andsolidification,respectively. Field scale structures of magftow, include
magma fingerge.g. Pollard et al., 1975; Schofield et al., 2010, 2012pgy flow structures
(e.g. Liss et al., 2002; Kavanagh et al.820and flow lineationge.g. Smith, 1987; Varga et
al., 1998) whereas micrescale structures include vesicle shagpes). Coward, 1980; Liss et
al., 2002) crystal alignmente.g. Shelley, 1985; Geoffroy et al., 2088) magnetic fabrics
(e.g. Knight and Walker, 1988; Staudigel et al., 1992; HeBerwera et al., 2001; Poland et
al., 2004)

Magma fingers form where the host is soft enough for the magma to force its way through
in a conduit morphologythus creating rounded fingdike bodies(Pollard et al., 1975;
Schofield et al., 2012aThese fingers have been found both in a range of exposed intrusion
complexes e.g. Shonkin Sag sill, (B#lard et al., 1975)Golden Valley sill complex, South
Africa(Figure2.2a; also see Figure 1c in Schofield et al., 2Qb2éhave also been identified
offshore using 3D seismic survelesg. Miles and Cartwright, 2010; Magee et al., 2016)
Where there is sufficient exposure to identify the presence of these structures, the finger
axis & inferred to be the major flow axis, which if the source is known can give a flow vector
(Schofield et al., 2010)Geophysical surveys have led to the identification of a series of
meandering aomalies along the axis of intrusions located within ther&Basin, offshore
Norway, which were inferred to be a series of magma tufddes and Cartwright, 2010)
These tubes are suggested to be the location of prolonged magma transport from the feeder
system to the terminating lobes forming along therft@f the intrusion. Flow directions in

small areas of sill intrusions can also be determined by the branching of secondary magma




Chapter 2: Review of dyke and sill emplacement

tubes from a primary tube, with propagation occurring laterally at ~45° from the orientation
of the feeder tube (Thomson andution, 2004). If the propagation is unsuccessful in creating

a new tube or propagation is small, hdike structures can be formed.

Figure 2.2Macroscale magma flow structures with black dots or red arrows indicating
magma flow axes; A.i) magmagers in the Golden Valley Sill, South Africa, a part of
Karoo Igneous Province, with A.ii) a diagram of the outcrop with inferred magma flow
(edited from Scofield et al. 2012). B) bridge structure between two sill segments
inferred flow axg of each sill, and C) a broken bridgeand C edited from Magee et a
2016) D) raised lineations or scour marks within the TraiggnBta Sgrra sill complex, Isle
of Mull (edited from Holness and Humphries, 2003) and E) ropey flow structures pre
within elongated vesicles of a coastal part of the Karoo Igneous Province, South
(edited form Hoyer and Watkeys, 2017).




At the field scaleen echelon fracturing can be used to infer the initial propagation direction
(e.g. Rickwood, 1990; Magee et al., 2014}h the lineation of the bridge structure indicating
the flow axis (Figure 2.2B; Figudein Rickwood1990. This is due to the intrusion opening
LJ- NJ £ £ véhich ifiihds rotates from its initial orientation, causes the opening direction to
change which results in segmentation of the intrus{@nderson, 1951)Bridge structures

are also referred to as relaye.g. Stephens et al., 2017h some cases, magma breaches
these structures, rejoining the segments to create a single magma(eaglyRickwood, 1990;
Magee et al., 2016, 20199ommonly referred to as broken bridges (Figure 2.2C; Figure 4Aiv
in Magee et al., 2016).

Smaller scale structures that have been interpreted as indicators of magma flow include
scour marks, magma ropes, and stretched vesicles. Scour marks appear as parallel raised
lineations of rock within the solidified magma body and have been identifiedtim diykes

(e.g. Smith, 1987; Varga et al., 1988J sillge.g. Holness and Humphreys, 200B)ey are
believed to form bymolten magma flowing alongside more viscous to solid magma in the
solidifying magma frontéSmith, 1987and can be evidence for laminar flow (Holness and
Humphreys, 2003). Magma ropes have also been identified in dhgdtbs(Kavanagh et al.,
2018a)and sillg(Liss et al., 2002; Hoyer and Watkeys, 20Iivthe dyke example from the

Isle of Skye, Scotlarfdavanagh et al., 2018dhe magma ropes appear as part of the chilled
margins of a basaltic dyke, in direct contact with the host rock, a dolerite sletias (2002)

found magma ropes in solidified strained vesicles in the upper margin of the Whin Sill
exposed at Harkess Rock, Bamburgh, N. England. In both scenarios there was space for the
semisolid ductile magma to be deformed by shear from the sunding flowing magma and

thus be dragged in the direction of flow. These processes are like those forming ropey
LI K2SK2S fF @I Tt 2 g&nkandFléd&, 1IF8)NII KQa adzNF I OS

In contrast to the macretructures, micrestructures and fabrics can help to identify finer
scale emplacement and solidification processes. Microstructures include crystal preferred

orientations, vesicle shapes and ariations and magnetic anisotropy.

The statistical orientation of crystal orientation in rocks can be indicators of a range of
processes, and is done by either studying the orientation of the grain shape (SPO), or the
orientation of crystal lattices (LP©) a combination of botl{Figure 2.3A; Benn and Allard,
1989; Higgins, 2006; Roni et al., 2014; Burchardt et al., 20i9)agmas, these processes
may be related to magma flofe.g. Shelley, 198%)r compaction of a crystal pilée.g.

Holness et al., 2017bfor magma flow, shear within the magma reorients the crystals wit
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the long axis becoming stgarallel to the flow axis, however this is dependent on both

magma rheology and the amount and direction of strain within the magma. Many studies
have used SPO and LPO to understand magma flow, in @ygeShdey, 1985; Hastie et al.,
2011) sills(Hoyer and Watkeys, 201, 79nd laccolithgBurchardt et al., 2019)

Figure 2.3Micro-scale magma flow indicators whietid in identification of magma flown
directions; A) alignment of sanidine megacrysts in a porphyry in the San Matrtino, lac
Elba Island, Italy (Roni et al., 2QXAotebook for scale)and B) subhorizontal stretche
vesicles within a dyke from theobdos Ophiolite, Cyprus (Varga et al., 19@&n for
scale).

Crystal orientations have not only been used to infer flow directions, but they can also be
used to determine the style of flow, e.g. laminar or turbulent. In sills of the Loch Scridain Sill
Complex, Isle of Mull, Holness and Humphries (2003) characterised different flow regimes to
have different orientations of crystal fabride. regions<3.5 m, where chilled margins were

still present,alignedtabular crystals suggest areasaofnore laminar flow regime, whereas

in thicker sections>3.5 m where chilled margins had been eroded awaydomly oriented
tabular crystals possibly suggest more of a turbulent flow regime. Knight and Walker (1988)
note that flow becomes less turbulent with increased distance from the source, supporting
the findings of Holness and Humphries (2003) for thinner parts of the intrusion. However,
Holness and Humphries (2003) also identified that flow becomes localized eunsséul
through conduits which erode the chilled margand surroundinghost rock, as such cause

evolution of the flow regime and potentially the development of more turbulent flow.

Vesicles are bubbles within crystalline rock that are formed by the @tsolof volatiles
during cooling and decompression of a magasiculationoccuis asthe magmareaches
shallow depths withirthe crust(Lejeune et al., 199@ndcanplay a keyolein magma ascent
and subsequentlyolcanic eruptionsWhenbubblesare small they remain rigid due to the
capillary number and increase magma viscosity (discussed furthectios2.5.1) (Llewellin

et al., 2002b) However, as thebubblesgrow they reach a size where thegn be deformed




by shear in the magma and act to lower viscoghdanga et al., 1998)As magma cools,
bubbles (particularly larger ones, perhaps formed by coalescence) may become stretched
and elongated by shegCoward, 198Q)generally parallel or slightly oblique to the flow
direction (Figure 2.3B; Varga et al., 1998; Liss et al.,, 2082)the surrounding magma
solidifies the finalvesiclemorphologies are preserved and, in some circumstances, can be

used as flow indicators.

2.4  Rock magnetism and nmagfic anisotropy

Magnetic fabrics are also commonly used for studying magma emplacement and magma flow
using a range of techniques, the most common of which is anisotropy of magnetic
susceptibility (AMS) (e.g. Knight and Walker, 1988).

Rock magnetism and magnetic anisqyas the study of minerals and mineral orientations
preserved within rocks, with applications in sedimentology, palaeontology, tectonics and
volcanology to understand rock ages, paldleov directions or formational processes that
have produced the obseed fabrics(e.g. Blundell, 1957; Tauxe, 201®¥ithin intrusive
systems, rock magnetic techniques are often used to develop emplacement models for
dykes, sills and laccoliths, determine magma flow t&jges and infer magma source
locations(e.g. Knight and Walker, 1988; Staudigel et al., 1992; Varga et al., 1998; Herrero
Bervera et al., 2001; Poland et al., 20®Roni et al., 2014)long with posemplacement
processes such as cooling contractialterationandor tectonic overprintinge.g. Borradaile

and Henry, 1997; Hrouda et al., 2015; Martin et al., 2019)

In this thesis, two magnetic fabrics are investigated, to understand aywl post
emplacement processes associated vitie emplacement o§heet intrusions. These fabrics
are anisotropy of magnetic susceptibility (AMS) and anisotropy of anhysteretic remanent
magnetisation (AARM), with both fabrics regularly applied to understanding intrusion

processege.g. Raposo et al., 2007; Chadima et al., 2009; Selkin et al., 2014)

2.4.1. Rock magnetic properties and magnetic minenalog

24.1.1 Magnetic mineralogy
A key step in any rock magnetism study is accurate identification of the magnetic carriers
that contribute tothe observed magnetitabrics.All minerals exhibit some form of magnetic
behaviour when under the influence of a magnetic field, either: diamagnetic, paramagnetic

or ferromagnetiqButler, 1992)
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Diamagnetism is the response af atom with a full outer shell of electrons to an induced
magnetic feld. The field causes the electrons in the outermost shell to align in the opposite
direction to the field, giving rise to a relatively small negative magnetic susceptibility that is
not dependant on temperaturgButler, 1992) When the induced field is removed, the
magnetization of the materiatevertsto zero. Some examples of diamagnetic materials

include quartz and calcit@auxe, 2010)

Materials that exhibit a paramagnetic behaviour have an odd number of electrons in the
outer most shell that spin in random orientations in the absence of a magnetiqTialtke,
2010) When all the atomic magnetic moments of a matedee combined, the resulting
magnetisation is zero. If a magnetic field is inducedh@material, the spin direction of the
electrons in the outer shedlalign with the induced fiel@Butler, 1992) Removing the field
allows the electrons in the outer shell to ranudty orbit the atom again, thus returning the
magnetisation to zeroThe magnetic susceptibility of paramagnetic materials is positive and
small but at least an order of magnitude greater than diamagnetic min€Raider, 1992)

and is dependenton the strength of thefield and the temperature Examples of

paramagnetic minerals include: biotite and fayaliButler, 1992; Tauxe, 2010)

Some materials possess a magnetic field when there is no external field present; this is known
as remanent magnetisation or ferromagnetigirauxe, 2010)The remanent field is caused

by strong coupling between dipoles of adjacent at@and results in magnetisation orders of
magnitude greater than paramagnetic materigButler, 1992) Like paramagnetism,
ferromagnetism is temperature dependant in that a material exhibiting ferromagnetism only
behaves in such a way below the Curie temperatiigg bovethe Curie temperaturethe
material exhibits aparamagnetic behaviour due to expansion of the crystal latttech
results in decoupling of electrons between adjacataims(Tauxe, 2010Each ferromagnetic
phase has a maximum possible magnetisation relating to its temperature, known as the
saturation magnetisation (MsThis decreases as temperature increases reaching zero at the
Curie temperaturdgButler, 1992)The most common ferromagnetic minerale magnetite,

titanomagnetite anchaematite(Table 2.1)

24.1.2 Identifying the propertiesf magnetic minerals
To dentify the magnetic phases giving rise to observed magnetic fabrics, several properties
are investigated, including but not limited to: coelityy saturation magnetisation and Curie
temperature. Coercivity is the ability of a magnetic mineral to resist an external magnetic

field being applied to i{Tauxe, 2010)It is equivalent to the field strength needed to fully
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demagnetise ibr change the direction of its magnetisatiogig. up to 50 mT for magnetite.
Saturation magnetisation is the point at which a magnetic particle can no longer take an
external field as athtomic moments have been aligned parallel to the field. To return the
magnetisation to zero a field equal to the coercivity needs to be applied to the sample in the
opposite direction. The values faroercivity and saturation magnetisation are easily
identified for a sample using hysteresis experiments, using equipment such as a variable field
translation balance (VFTEee Table 2.1 for properties of common ferromagnetic minerals

present in rocks.

Table 2.1:Magnetic properties of a range of mineralfiem providing magnetic
signals.*TM stands for titanomagnetitand thenumber (10 or 60) represents the
percentageof iron replaced byitanium in thelattice. Adaptedand expandedrom
Tauxe (2010).

Magnetic Curie Coercivity Saturation Reference
Mineral Temperature €C) magnetisation
(Am?kg?)
Magnetite 1580 120-50mT 292 1Dunlop and Ozdem({{1997)
2h Qw §1084f &
TM10* 500 - - Akimoto(1962)
TM60* 150 8mT 24 Dunlop and Ozdemi1997)
Haematite 1675 2Variable to 10.4 th Q w §1084) 2Banerjee
0a ¢ (1971)
Maghemite 590675 - 74 Dunlop and Ozdem{1997)
Pyrrhotite 1270325 2Variable to 30.4-20 1Dekkerg1988) 2h Qw S A
MAOnQa (1984)3Worm et al.(1993)
Goethite 170-125 2V/ariable to lUptol h Qw §1984) “Bauxe
MnQa (2010)
Greigite 1330 160-100mT 225 'Roberts(1995) 2Spender et
al. (1972)

A VFTB measusé¢he isothermal remanent magnetisation (IRM) acquisitioackfield curve
hysteresis loops, and thermomagnetic curves of a sarpleharacterise the properties of

its magnetic carriers and help identify the mineral populations giving rise to the observed
fabrics.It does this using masses of 150 mg of finely crushed rock @oledded into a
sample holder and covered witfuartzwool. Isothermal remanent magnetization vehere

a field greater than the coercivity of a magnetic mineral is appietithe magneticnoments

of the particles presenflip to alignmore closelywith the field direction, giving the sample a

( 1)
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remanence This isundertakenby applying a magnetic field, removing the field and then
measuring to see how well the sample takes the applied fielgteps of increasing field
strengthto +800 nT.Backfield measurements are made in a similar way to &Rddisition

but with an oppositely directed fielsh stepsof up to-800 mT.

Hysteresisswherethe field is swept from positiveasuration to negatve saturation and back
again It ismeasuredduring the application o& positivelyincreasindfield in one direction,
then whilst it is beinginverted and theragain in the initial directionrHysteresis curves are
useful to help identify the saturation magnetization and coercivities of magnetic particles

present in a sample.

The final experimentonducted using a VFTB is the measurement of the magnetic response
of the minerals present during dating of the sample. During this experiment, a sample
undergoescyclic heating and cooling in a constant field of 240 Mdasurement startfrom
50dCandcontinues whilst the temperaturicreases to 208C before cooling back to 5C.

The heatingand coolingcycle is then repeatedhultiple times,with increasing mamum
temperature up to 700eC (n 100 &C intervals)(see chaper 3 for example) These
experiments allow th&€urie temperatures of each of the magnetic carrierbe determined
which are specific to mineral composition. Datdhenanalysed using the RockMagAnalyzer

1.0 software (Leonhardt, 2006).

Two other contrasting, yet supporting, methods for determining Clieimperaturesre high
temperature susceptibility and three c@uonent thermal demagnetization.High
temperature susceptibilitexperimentsaid in the identification of minerals that contribute
to AMS fabricqsee section 2.4.2)n these experiments,hie magnetic susceptibility of a
sampleis measuredduring the heating and coolingf the sample,up to apre-specified
temperature.In this thesis,hese experimentare performedusingan MFK1A Kappabridge
from AGICO (Advanced Geoscience Instruments Compangjushed rock powder samples

The datasanalysed usig! D L / Gur@val8 software (Chadima and Hrouda, 2012).

Three-component thermal demagnetisation experimenise a modified version of the
Lowrie (1990) method and are used to identify the unblocking temperatures of
ferromagnetic minerals that give rise to AARM fabridsblocking temperatures are the
temperature at which the coercive force of a grain is overcome by thermal fluctuations
resulting in its demagnetisation. linése experiments, tiee different strength fields are
applied to a specimeim orthogonal directionsafter AMS and AARM analysee performed

on the specimen, in decreasing magnitudes and orientations. The field strengthsubked
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thesis are x-axisof 1.5 T, yaxis of 0.4 T and-axis of 0.02 TThese were choseio target
specificphases withcoercivitieswithin the ranges of each axise. pyrrhotite for they-axis
and titanomagnetites for the-axis(see Table 2.1 for coercivitiegach specimers then
heated and cooled in steps of between 20 and &) to a maximum of 6268C, which
correspond with temperatures wheri is believad that the magnetic remanence chaeg
the fastest, i.e. just below the Curie temperaturegariget minerals.Between each heating
and cooling cycle, theagnetization of the sampls measured using an AGIC@52Rspinner
magnetometer with the outputdata separated byxis to determine the séngth of each
phase remaining at that temperature step When the signal for an axiseduces to a
magnetisation of O T, the remanence carrying phasebanfteld strength rangdave been
demagnetisedThe temperatureat which this occurred is thenblocking temperature, which
providesan indicator of the remanence carrying phases present. For exaif e y-axis
with a strength of 0.4 Tully demagnetises by 35@C, this indicates that the remanence
carrying phases with coercivities between 020l 0.4 Thad unblocking temperatures below

this temperature e.g. pyrrhotite (see chapter 4).

2.4.2. Anisotropy of magneticsusceptibility

Magnetic susceptibilityMS)is the study of how susceptible a sample is to gaining an induced
magnetic fieldKright and Walker, 1988; Raposo and Ernesto, 198Bich wherthe field is
removed the sample returns to its original stat®MS is then the directional dependant
response of the sample to the induced fieMSand AMS araffected by the strength, size,
domain state and orientation of all magnetic minerals {dipara, and ferremagnetic)
present within the sample(Khan, 1962) When present, ferromagnetic phases often
dominate the AMSignalgHargraves et al., 199owever, in somsituationsparamagnetic
phasesnaydominate the signawhen they occur in greater proportiorisan ferromagnetic
phases Magnetite is a common ferromagnetic mineral present in igneous rocksanften

the primary constituent giving rise to AMS fabriesy. Hargaves et al., 1991)

Magnetic susceptibilityK) is defined as:
o — (2.1)

where M; is the degree of induced magnetization ardds the strength of the magnetic field
(Tauxe, 2010)AMS is measured using a Kappabridgd(L / MFR1# for chapters 3 and 4

or KLY4S for chapter b whereby a core or cube shapsdmpleis loaded into a sample
holder and anagneticfield is inducedn multiple orientationsSample holders can either be

fixed orientation, which means the sample needs manually rotdtingp to 6 orientations
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or it can be an automaticallptated using either a single axis rotator, or a 3D rotatorthis
thesis anapplied field of 200 A rhand a frequency of 967 Hue the settingsisedfor the
MFK1A Kappabridgeand 200 A m* and a frequency 0875 Hzfor the KLY4S Kappabridge
After measuringmultiple subspecimens (>5R normalized six ran&llipsoidtensor can be

calculated.

TheAMS ellipsoids characterised by a second order ellipsoid ter{gdwan, 1962)with three
principle eigenvectorss, K and Ks, where K; is the longest axids isthe intermediate axis

and Ks is the shortest axi§Knight and Walker, 1988The ratio between the magnitudes of
the tensor axes produces a range of ellipsoid properties: mean susceptikiljtyifeation

(D), foliation {), degree of anisotropyR) and shape parametef). Magneticiheation is the

ratio between the magnitudes df; and K; (Table 22). Magnetic foliation is ratio between

the K; and K; axes. The degree of anisotropy is ratio between all 3 axes and with the shape
parameter being the shape of the ellipsoid calculatedrfrthe natural logarithms of the
ellipsoid axegTable 2.2; and Jelinek, 198Epur ellipsoid shapes exist which are exhibited
by the AMS ellipsoid tensor; sphericld] € K; =K3), prolate K > K, =K3), oblate K =K, > Ks)

and triaxial K1 > K > Kg) (Tauxe, 2010)The shapes of ellipsoid tensors are regularly used to
interpret magmatic fabricg¢e.g. Knight and Walke1988; Tauxe et al., 1998; Poland et al.,
2004, Soriano et al., 2008 rolate ellipsoids are commonly referred to as magnetic lineation,
with the long axis of the ellipsoid being a similar orientation to the long axis of elongate
crystals in magmatioocks(Geoffioy et al., 2002)Comparably, oblatellipsoids give rise to
magnetic foliation which is like the planar arrangement of tabular phenocrigsthould be
noted that bothmagnetic lineation and magnetic foliation can be determined from the same

AMS elligoid tensor.

Table 22: Anisotropy parameters used by Anisoft software and can be found in Je
(1981). K kK and k are principal susceptibility axes, with, ' ; and' 3 being their
natural logarithms with = ( 1+' 2 +" 3)/3.

Parameter Solution
Mean Susceptibility K (KiHKa+Ks)/3
Lineation L Ki/ Ko
Foliation F Kol Ks
Corrected degree of B Qo - - - - - —
anisotropy

—

Shape parameter (2 2¢"1¢"3) /1 (1¢ " 3)
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2.4.3. Anisotropy foranhystereticemanent magnetisation

Whilst AMSis a study of all minerals within a sampRARM focusses on the statistical
orientation of remanence bearing minerals, (i.e. sirgggnainand vortexstatesized grains)

and the ability of these minerals to retain an iarped anhysteretic remanent magnetization

in specific directiongMcCabe et al., 1985; deson, 1991)The minerals that give rise to the
AARM signals commonly occur as silicate mineral hosted inclusions of magnetite that are
aligned along crystal latticg€Cheadle and Gee, 201T)ke AMSAARMutilizes a second
order ellipsoid tensor, with the same ellipsoid descripi@nd orientations, however mean
remanence is defined d&mand is calculated by averaging the axis magnitudes oAfkirM

ellipsoid.

An anhysteretic remanent magnetisatiq\RM)is impartedin multiple stages, using a
combination of an alternating fieldemagnetizer and a pulse magnetizer wéthibsequent
YSIFadaNBYSyd 2F GKS &l YL SuULDASPAMIyakeinatigheldi A 2 y ©
demagnetizer and pulse magnetizer from AGIi@part the field, whilsta JREA spinner
magnetometermeasures the magnetisatiomitially, the natural remanent magnetisation

is measured before the sampledemagnetisedn a tumbling alternating current (AC) field

and subsequently remagnetised to firlket saturation magnetisationsing an applied direct

current (DC) bias fieldnce the saturation magnetisation has been reaclkelC bias field

below the saturation magnetisation is chosen and an ARM is imparted in multiple directions

L

(3, 6, 12 or 15with measurement of thé I Y LIha§eetisationdza Ay 3 ! DL/ hQ&a wS

software(Chadima et al., 2018h)ccurring between each stejfter all measurements have

been made for a sani@, the AARM ellipsoids calculateddza Ay 3 ! DL/ hQa ! yAaz

(Chadima et al., 2018a)

2.4.4. Magnetic anisotropy fannderstandingnagma intrusion processes

When the magnitudes, shapes and orientations of measured ellipsoid tenors are combined
with field and petrological observations, the preses that have occurred both syand post
emplacement of solidified magma bodies can be infelfed. Varga et al., 1998; Liss et al.,
2002; Chadima et al., 2009; Hrouda et al., 2018MS has commonly been used to
understand the emplacement processes of dyfeeg. Knight and Walker, 1988; Staudigel et
al., 1992; Tauxe et al., 1998; Roni et al., 2014; Porreca et al.,, 2lEy.g. Gil et al., 2002;
Hrouda et al., 2015; Airalet al., 2016; Martin et al., 201@nd laccolithgMattsson et al.,
2018) with the majority of the fabrics interpreted to indicate flow directions and in some
circumstances even the sense of flow. AARM has beenmaéiple times to understand the

processes occurring during dyke emplacem@ng. Chadima et al., 2009; Silva et al., 2010;
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Soriano et al., 2016however the technique has only been useta handful ofoccasiongo

study other types of intrusions, i.e. sil{glrouda et al., 2015; Martin et al., 2018 larger
bodies such as the Stillwater Igneous Complex, MT,(88&in et al., 2014PNARM is often
less frequently used due sBocombination ofawvailability and acceges the equipment needed

and thelongtime frame of data collection(~10sub-specimenger day).

When the AM; axis is aligned with the long axis of the magnetic crystals (and phenocrysts
when present) or with the AARK] axis, and these are parallel to the margins of an intrusion
(Figure 2.4A), this is referred to as a normal fabric (Figure gRtBhette et al., 1992; Ferré,
2002; Chadima et al., 2009 this case, th&s axis is also parallel to the cryk&hort axis

and perpendicular to the intrusion plane, as such the resultant fabric can be used to infer the
direction of magma flow (Figure 2.4B); i.e. the magnetic lineation and foliation are parallel to
the dyke plane. Inverse fabrics occur when the Ai@hdK; axes are inverted with respect

to crystal long axes, or AARK{ axis and<;axes and intrusion margins (Figure 2.4C). Here,
the origin of the inverse fabrics are often inferred to originate from SD crystals dominating
the magnetic fabricgPotter and Stephenson, 1988; Rochette et al., 1992; Ferré, 2002)
Anomalous fabrics areharacterised by AMS and AARM ellipsoids which are oblique to each
other, i.e. elipsoid axes exhibit neither normal or inverse type fab¢®griano et al., 2016)
Multiple origins exist for these types of fabrjgghich sem from two different phenomena,
either grainscalevariationsor processes which resulted in the rotation of magnetic particles.
Exampes ofgrainscale variations that lead to anomalous fabriog]ude, combinations of

SD and MD particles the give rise to the fab(estter and Stephenson, 1988; Rochette et
al., 1991 )r alteration and growth of new magnefihaseqRochette et al., 1991Fxamples

of processes which resulted ithe rotation of magnetic particlesnclude; syn or post
emplacement shear along the fractu¢Bragoni et al., 1997; Clemente et al., 2QG0oling
contraction and the formation of columnar jointingdrouda et al., 20159r evolution of

multiple flow regimes occurring tin the same uni(Matrtin et al., 2019)

Texturalanisotropy can also influence the orientatiand shapeof magneticfabrics, aghe
distribution of adjacent magnetic minerals within a sample can result in a rangesefved
ellipsoid orientations(Stephenson, 1994; Cafidrapia et al., 1996)This is due to a
phenomenoncalled magnetic interactiorwhichoccursat the inter-grainscale ands where
the adjacent particles within a sample interact with each ottepending on their proximity
Homogenously distributed particlesn plares display oblate fabrics with minimum

susceptibility axes perpendicular thextural plane.Whereasparticlesin adjacent planes
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that are closer togetherthan thosein the sameplane exhibit AMSfabricswith long axis

perpendicular to the textural anisotropy.
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Figure 2.4Anisotropy of magnetic susceptibility (AMS) and anisotropy of anhyste
remanent magnetisation (AARM) fabrics relative to crystal axes and intrL
orientations. A) AMS ellipsoid axis orientations and their relationship to the orientati
multidoman (MD) and singlelomain crystals (SD). B) An example of a normal fa
where AM&; and k axes are in the plane of the dyke parallel to the long axes of
crystals and$s is perpendicular to the dyke plane. C) An example of inverse fabrics \
the K: and Kz ellipsoid axes orientations are inverted, Keis perpendicular to the dyk«
plane. D) Using AMS fabrics to understand flow direction where the ellipsoid
imbricated with respect to the dyke plane, shown by the blue squares on the equa
plot being slightly offset from the dyke plane.
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When AMS fabrics are inclined with respect to intrusion margins, it suggests that the minerals
that give rise to the magnetic fabrics have been inclined or reoriented by variations in simple
shear conditios imparted by the static intrusion margin (Figure 2.48)p. Knight and
Walker, 1988; Rochette et al., 199%Yhen this occurs, the orientation of magnetic lineation
and foliation can be inferred not only as the flow direction but also the sense of flow during

the initial magma emplacemeriGeoffroy et al., 2002; Chadima et al., 2009)

2.5 Laboratory modelling

This section pvides an outline of the properties of magmas, the importance of scaling and
different types of laboratory models that have been designed to study intrusion
emplacement and magma flow. There is a-seltion on the importance of understanding
material prgerties and scaling laboratory models to nature. Next are-sediions on
laboratory models that investigate magma emplacement under either the hydraulic fracture
or viscous indenter styles of intrusion. Subsequently there is @&eation on how lava donse

and flows have been studied through laboratory modelling, as they behave in similar ways to
horizontal magma intrusions, then there is a section on how magma flow fabrics have been
studied. The backgrounds on magma rheology (sectiéril2.and lava dome and flows
(section2.5.6 are taken from Kavanagh et £2018b)and were written by myself, the full

published version cabe found in Appendix A.

2.5.1 Magmarheology
Magma is one of the principal components of all volcanic systems, and how it behaves as it
flows and fragments is key to tackling perhaps all processes in volcanology. Therefore, this

section begins with a detailed account of modelling magma rheology.

Magma is a multiphase fluid, comprising a melt phase with variable proportions of bubbles
and crystals. The viscosity) ©f pure melt is considered Newtonian (Figure 2.5), with a linear
relationship between shear stress)@nd strain ratef () (Lejeune and Richet, 1995; Ishibashi,
2009)

_ (2.2)

Due to its multiphase nature, magma is considered-Newtonian. Several types of non
Newtonian rheologyave been applied to model the behaviour of magmas and lavas based
on field observations (Figure 2.5). A Bingham fluid has to overcome a yield stress before it
can begin to flon{Hulme, 1974)

20

——
| —



Chapter 2: Review of dyke and sill emplacement

o (2.3)

where ¢ is the initial shear stress requiréd cause the onset of flow when= 0. Once the
yield stress has been ovetome, the fluid has a constant viscosity. More recently, the
HerschetBulkley modelHerschel and Bulkley, 1926ds been applied to the behaviour of
magmas due to its versatility in allowing for the modelling of a spectrum of magma

behaviourgLlewellin et al., 2002b; Mueller et al., 2011)
N V] - (2.4)

where " g is yield stress when there is no floijs the consistency (whenf = 1), andhis

the degree of nofNewtonian behaviar (wheren = 1 is Newtoniam < 1 is shear thinning,

andn > 1 is shear thickening). Viscosity is a key parameter that is considered in several of the
important dimensionless numbers used in scaling experiments in volcanology, such as the

Reynolds numbemRayleigh number, and Peclet number.
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Figure 2.5Flow curves of different fluid rheologies, depending
shear stress and strain rate (Taken from Kavanagh et al., 201¢

Depending on the application and level of complexity, a variegnalogue materials have
been used to model magmade Table 3. for a summary. An important online resource
administered by Alison Rust (University of Bristol) catalogues a range of analogue materials
that have been used in volcanology, describing theaterial properties, applications, and
limitations (https://sites.google.com/ site/volcanologyanalogues/home). Many models use a

melt-only magma analogue for simplicity, or in more complex modelsgiase suspensions
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(bubbles in liquid, or crystals in ligly and rarely thregophase (bubbles and crystals in a
liquid). As such, the spectrum of rheology that has been considered in magma analogue
models is broad and includes the use of Newtonian fluids, Bingham fluids, or Herschel

Bulkley.

Table 23: Properies of analogue materials used to model magmas and lavas
rheology and processes. *Material not currently used in analogue tiogledf
volcanic processes however displays properties that may lead to its future use.

KeyProperties

System . Rheology or . . . Example

Component Material Mechanical €.g. Viscosity, density, reference
. strength
Behaviour
Magma or Lava analogues

Syrups Corn syrup Newtonian  Density of 14271431 kg 1, aSchellart

viscosity® of 180515 Pa s at (2011)
22 °C bRust and

Manga

(2002b)

Glucose syrup T-dependant Density of 14271431 kg IT¥, Schellart
Newtonian  viscosity of 454.7 Paat 20 °C (2011)

Golden Syrup Newtonian Density of 1386 kg /M) Castruccio et
viscosity of 56/8 Pa s a0 °C  al.(2010)
Honey Newtonian  Density of 14291431 kg ¥, aSchellart
viscosity of 200 Pa s at 22 °C  (2011)
®Mathieu et
al. (2008)
Qils Glycerine Newtonian Density of 1260 kg 1Hh Huppert and
viscosity of 0.77 Pa s Hallworth
(2007)
Silicon oll Newtonian Density* of 1870 kg 1, aDel Gaudio
viscosity of 41.32 Pa s at 25 (2014)
°C ®Mueller et
al. (2010)
Vegetable oil Newtonian Density of 890 kg i) Galland et
(Vegetaline) viscosity of 2 x 1BPa s at50  al.(2006)
°C
Waxes Paraffin T-dependant Density of 600 kg IT¥, aKarlstrom
Newtonian  viscosity of 10 Pa s at 52 °C and Manga
(2006)
PRossetti et
al. (1999)
Polyethylene T-dependant Density of 1126 kg /M Griffiths and
glycol (PEG) Newtonian  viscosity of 0.18 Pas at 21 ° Fink(1997)
Other Air Gas
Water Newtonian Density of 998.2 kg ™ Huppert and
viscosity of 0.01 cnt'sat 20 °C  Hallworth
(2007)
RTV silicone Newtonian  When freshly exposed to air Gressier et
25 Pa s solidifying after c. 5  al. (2010)
hours
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Silicone putty Viscoelastic/ Density of 11201140 kg r¥. Ramberg
Newtonian viscosities of 2.57 x 16Pa s (1970)
at 24 °C

Gum rosin with Newtonian Density of 1000 kg /M Lane et al.

21.8% acetone viscosity of 1.07 Pa s at roon (2001)

temperature

Hair gel Shear 27 Pa s at room temperature Casruccio et

thinning al. (2014)
Shaving foam Viscoelastic 172 Pa s at room temperaturc Bagdassarov
and
Pinkerton
(2004)

Collophony and Viscoelastic Densities of 1000 kg Ramberg

ethyl phthalate viscosity of 5.73 x fPa s at (1970)

mixtures 22°C. Collophony mixtures

are almost Newtonia at low
stress

Plaster of Paris Shear Viscosity of 0.86.2 Pa s Z&vada et al.

and water thinning shear rate dependant (2009)

suspensions (2.2

to 2.6 ratio)

Host rock analogues
Gels Gelatine (pigskin  Viscoelastic For 2.5 wt% at 10 °C: Di Guseppe
type) viscoelastic at strain rates et al.(2009)
<0.147 &; however highly
variable with different
concentrations and
temperatures. At strain rate
of 102 s viscosity is ~50 Pa <

Laponite powder  Viscoelastic Commonly used as a Ruzicka and

(synthetic clay)* rheologymodifier with Zaccarelli
variable behaviour dependin¢  (2011)

on concentration.

Carbopol* Visceelasto  Highly variable depending or Di Guiseppe

plastic concentration, shear stress et al.(2015)
and strain rate
Granular  Silica flour Brittle When compacted: Galland et

(spheres and crystalshave density of 1.33 ¢ al. (2006)

crystals) cnt® + 0.2%, cohesion of 28€
Pa + 26 with angle of interna

friction 40°.
sphereshave density of 1.56 ¢
cnt® + 0.18%, cohesion of 28:
Pa + 26 with angle of interna
friction 24°.

Diatomite powder  Frictional When compacted: density of Gressier et
400 kg n, cohesion of 300 Pi  al.(2010)
at normal stresses 5800 Pa.

Sand Shear Cohesion of 010 Pa, angle ol Mathieu et

internal friction of 30° al. (2008)

Ignimbrite Shear Cohesion of 100230 Pa, Mathieu et

powder (Grande angle of internal friction of al. (2008)

Nape Ignimbrite,
Mont Dore
volcano, France)

38°
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Other Modelling clay Plastic

t I Ay dSND Plastic

At density of 1710 kg 1) Ramberg
yield strength 4.1 x HPa s. (1970)
Above yield strength
viscosities range from 0-5.4
x 10 Pas
Densities of 1801900 kg ¥, Ramberg
yield strength of 3 x 1{Pa s. (1970)

Above yield stress viscositie:
from 1 x 16to 10’ Pa s

Particle analogues

Sand and gravel

Spherical glass
beads

Without mudc bulk density of Iverson et al.

1710 + 119 kg rhand internal (2010)
angle of friction 39°
With mudc bulk density of
1650 + 107 kg mand internal
angle of friction 39°
Density of 2500 kg th Mueller et
al.(2016)

2.5.1.1 Twophase suspensions: partisiespensions

Particulate suspensions are ubiquitous across the volcanic system; from crystals in magma,

where variations in crystal content mostly originate from changes in temperature, to ash

partides within an eruptive plume, where the particle size and concentration within a

volcanic plume or pyroclastic density current is related to the type of eruption. For the

purposes of numerical and laboratory modelling, particle distributions are simpbfjed

single weldefined particle size or a small number of particles sizes used to replicate natural

systems (e.g. Figure 2.48. However, both numerical and laboratory studies have shown

that particulate concentration has a firstder control on erupive behaviour. The Einstejn

Roscoe equation has been used in magma modelling to describe how the increase in crystal

content affects the bulk viscosity, where an increase in the particle volume fractin (

causes an increase in bulk magma viscosity. Lpwagmas behave as Newtonian fluids

whereas high , mag mas ( ,

bonbtnn 2z

22 0 -NeBiehiardiSids(e.d. Lejeany

and Richet, 1995; Mueller et al., 201Bimodal crystal size populations act to reduce melt

viscosity, with higher viscosities sdrved in unimodal crystal size suspensions compared

with lower viscosities in bimodal crystal size suspeng{@astruccio et al., 2010)

——
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Chapter 2: Review of dyke and sill emplacement

2
o

=
°

Particle Speed (x10-3 cm/s)

Figure 2.6 Examples of experiments investigatintagma rheology using analogu
materials in laboratory experimentsd)(Spherical glass bead®&)oblate art glitter, and
(C)prolate glass fibres in silicone oil (scale bars 1 mm; Mueller et al., 20} 1)iré¢e
phas fluid in which bubbles (black spheres) and spherical glass beads (light trans
particles) are suspended in golden syrup (scale bar 500 um; Truby et al., TId<8).
multi-phase fluids are measured using viscometers or rheometers with the ai
understanding the behaviour of natural magmas that have different crystal and bu
populations Fluids with lower crystal and bubble populations behave as more Newtc
fluids, whereas higher crystal populations lead to -N@wtonian behaviour fluidgE
Bubble injection experiments usirgsmaligap parallelplate geometry to study the
development of permeable pathways in a partiddh suspension. Particle imag
velocimetry has been used to measure particle speed in three experiments with dif
crydal fraction (Oppenheimer et al., 2015).
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2.5.1.2 Twophase suspensions: bubble suspensions

The effect that bubbles have on magma viscosity depends on bubble shape, size, and ability
to deform under stress. In steady flow regimes, where stress and shear areacritie
bubbles reach an equilibrium deformation that can be measured by the dimensionless
capillary numbefCg which describes the relative effects of viscous forces and surface tension

acting between a liquid and a gédanga and Loewenberg, 2001; Llewellin et al., 2002b)
0w — (2.5)

where' g is the fluid viscosity without bubblesis the undeformed bubble radius,is strain

rate, andnjs interface surface tension between the liquid and gas. Small capillary numbers
are dominated by surface tension, meaning that bubbles reach their equilibrium deformation
soon after there is a cmge in shear ratéLlewellin et al., 2002b, 2002a)his produces
spherical bubbles that act to increase the viscosity of the suspension by creating an obstacle
to flow. Large capillary numbers give rieeeasily deformable and often elongate bubbles,
acting as sites where shear localisation can occur due to a reduction in friction, and therefore
the presence of large bubbles will have a reduced impact on bulk vis¢bkityga et al.,
1998; Mader et al., 2013)n unsteady flow regimes, when there is a variable strain rate, the
forces causing deforntimn and restoration of the bubble shape are not in equilibrium
(Llewellin et al., 2002bAs such, th€anumber (Eg. 2.5) does not adequately describe the

behaviour of the bubble, and so a dynamic capillary nuntsis defined:

6Q _- (2.6)

where[ is the rate of change of the imposed deforming force arid the relaxation time,
which is the time taken for the bubble to return to spherical under the action of surface
tension(Mader et al., 2013)

— (2.7)

2.5.1.3 Threephase suspensions

Threephase suspensions are well suited to explaining the behaviour of magmas and bring us
closer to understanding volcanic systems, but they also present several challenges associated
with the additional complexity modelledA threephase suspension can be modelled
assuming a bubble suspension base fluid with the particles suspended (g#enFigure

2.6D; Truby et al., 2015)

z

e 28)
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where' Z is relative viscosity,, is bubble suspension viscosity, is particle volume fraction
ande is the maximum packing fraction. This simplifies the calculation of the {hnese
rheology and assumes a ldBa(see Truby et al., 2015however, if this is not appropriate
then', may need to be substituted by either the higlaor Cdviscosity equation. This new
model can account for a crysthkaring magma that has no bubble content at depth but
vesiculates during ascent. It therefore marks a significant advancement in our understanding
of magma behaviour through time and sygaand will be an important tool in future models
to better constrain the impact of threphase magma rheology on volcanic eruptions.
Laboratory experiments of degassing crystah magmas have shown using analogue
materials that gas escape and the deymitent of permeable pathways in partietech
suspensions can be fractulike or due to bubble formation, and that the migration
pathways are controlled by particle fraction and the degree of particle padkiang Figure

2.6E; Oppenheimer et al., 2015)

2.5.2 Material properties

When undertaking the modelling of volcanic systems using analogue maidtate is a
need to understand the properties of the systems being studied, so that better comparisons
with natural systems can be madi&lerle, 2015) which helps to improve the validity of the
models being run. In lavatory modelling of volcanic plumbing systems this means that the
properties of the materials being used as analogues to represent both the host rock and the
intruding magma need to be classified so that they can be appropriately scaled and tailored

to the natural system.

For host rocks, the analogue materials that have been used vary greatly from gels that
represent elastic host rockée.g. pigskin gelatine; Kavanagh et al., 2018) granular
materials that represent brittle host rocKe.g. sand or flour; Galland et al., 2006 model

the intruding magma, both air and water have been used to study the emplacement of
Newtonian fluidge.g. Muller et al 2001; Kavanagh et al., 2006)ther materials that have
been used include syrups, vegetable oils and waxes which behave as tempeieperedant
Newtonian or noANewtonian fluids, allowing for solidification and rheological evolution to
occur duringemplacement(e.g. Galland et al., 2006; Kervyn et al., 2009; Taisne and Tait,
2011; Chanceaux and Menand, 20169r a larger list eTable 24 taken fromKavanagh et

al. (2018b).
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Table 24: Examples of different analogue materials and their combinations use
model different parts of the volcanic and magmatic system.

Analogue MaterialCombinations

Processes .
. Example studies
considered
Magma or Lava Host Particulates
Magma
Two phase:  Golden syrup with - - Llewellin et al.
melt + nitrogen (2002b)
bubbles Aeratedgolden syrup - - Bagdassarov and
Pinkerton(2004)
Corn syrup with air - - Rust and Manga
(2002b, 2002a)
Two phase: Silicone oil wittsilica - - Mueller et al.(2010)
melt + glass beads Cimarelli et al(2011)
crystals Silicone oil withart - - Mueller et al. (220)
glitter
Silicone oil with - - Mueller et al.(2010)
silicon carbide grit Cimarelli et al(2011)
Silicone oil with - - Mueller et al.(2010)
wollastonite particles Cimarelli et al(2011)
Golden syrup with - - Mueller et al.(2011)
glass beads
Golden syrup with art - - Mueller et al.(2011)
glitter
Golden syrup with - - Mueller et al.(2011)
glass fibres
Shell Motor oil with - - Bhattacharji and
paraplex plastic Smith(1964)
Epoxy resin with glas: - - Cimarelli et al. (2011
beads/carbon fibres
Three Golden syrup, with ait - - Truby et al(2015)
phase: melt and glass beads
+ bubbles +
crystals
Intrusions
Dykes Air Gelatine - Muller et al.(2001)
Rivalta et al(2005)
Le Corvec et al.
(2013)
Water Gelatine - Fiske and Jackson
(1972) McLeod and
Tait(1999) Taisne et
al. (2011)
Air and water Gelatine - Menand and Tait
(2001)
Hydroxyethyl Gelatine - McLeod and Tait
cellulose (1999)
Silicone oll Gelatine - McLeod and Tait
(1999)
( ]
{ %)




Golden syrup

Golden syrup

Sand and plastel
powder mix
Gelatine with a
sand and plaster

Watanabe et al.
(2002)
Kervyn et al(2009)

Kervyn et al(2009)

mix load
Golden syrup Silica flour Abdelmalak et al.
(2012)
Honey Sand Mathieu et al. (2008)
Golden syrup Ignimbrite Mathieu et al. (2008)
powder
Sills Water Gelatine Kavanagh et al.
(2006, 2015)
Vegetable oil Silica flour Galland et al.
(Vegetaline) (2006; 2012)
Vegetable oil Gelatine Daniels and Menand
(Vegetaline) (2015)
Chanceaux and
Menand(2014, 2016)
RTV silicone Diatomite Gressier et al2010)
powder
Larger Hot salty water - Huppert et al(1986)
igneous injected into cold
bodies fresh water
KNQ, NaNQ and - Huppert and Turner
K:CQ (1981)
Turner et al(1983)
Glycerineethanol mix - Weinberg and Leitch
injected into molten (1998)
PEG 600 wax
Hydroxethylcelluloase - De Bremond éArs et
polymer and silicone al. (2001)
oil
Diluted glucose syrug - Namiki et al(2016)
and bubbles
Water or Gelatine McLeod and Tait
hydroxyethyl (1999)
cellulose or silicone
oil
Sunflower d/silicone - Saumur et al(2016)
oil and natrosol
solution/glucose
solution/ Na
polytungstate
Glycerine Gelatine Koyaguchi and
Takada1994)
Grease Gelatine Pollard aad Johnson
(1973)
Silicore putty Sand layers RomanBerdiel et al.
(1995)
Silicone putty/KMn®@ Modelling Ramberg (1970)
solutions Of I & k LI
putty/Concrete
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Lavas

Lava lakes Golden syrup mixed - - Beckett et al(2011)
and hot with water
conduit Water and air - - Witham et al.(2006)
Paraffin wax - - Karlstrom and Mange
(2006)
Lava domes PEG wax into sucros: - - Griffiths and Fink
solution (1993)
Fink and Bridges
(1995)
PEG wax with kaolin - - Griffiths and Fink
powder (1997)

Lyman et al(2004)

Plaster of Paris Sand - Z&vada et al. (2009)
seeded with
magnetite particles
Lava flows PEG wax into sucros - - Hallworth et al.
solution (1987)
Fink and Griffiths
(1990)
Glucose syrup into - - Stasiuk et al(1993)
sucrose solution
PEG 600 wax Peg 600 wax - Kerr(2001)
surface
Paraffin wax - - Miyamoto et al.
(2001)
Nolan(2014)
Golden syrup and - - Castruccio et al.
sugar crystals (2010)
Hot water PEG 1000 wax - Huppert and Sparks
surface (1985)
KNOs, NaN@and - - Turner et al(1983)
K:CQ

Viscous silicone

Corn starch and
water slurry

- Gilbert and Merle
(1987)
- Goehring and Morris
(2005) Goehring et
al. (2006)

Granular flows

Pyroclastic -
density
currents

Particle
bearing
freshwater

Carey et al(1988)

injected into
saline water

Woods and Bursik
(1994)

Methanot
ethylene

glycol injected

into water

Lahars -

Sand and
gravel with

Iverson et al(2010)

and without

mud
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Plumes

Plumes - - Particle Carey et al(1988)
bearing
freshwater
into saline
water
- - Cold or wam Ernst et al(1994)
water into
cold flowing
water
- - Methanot Woods and Caulfield
ethylene (1992)
glycol injected
into fresh
water
Ash - - Spherical glass  Koyaguchi et al.
dispersal beads in water (2009)
with various
additives
Air fall - - Spherical glass  Koyaguchi et al.
beads in water (2009)
with various
additives
- - Sodalime Mueller et al.(2016)
glass beads
suspended in
hot air

The properties of these different materials have measured using a range of equipment from
viscometers and rheometers that measure the viscosity of fluids and-giasticity of gels

(e.g. Rossetti et al., 1999; Llewellin et al., 2002b; Mueller et al., 2011; KavanagB@&t3y.,

to shear boxes that measure the cohesion and strength granular matégigisGalland et

al., 2006. Viscometry has been conducted since the nineteenth century, as described in a
review by Dontula et a(2005) In this method, a sample of material is tested in a viscometer
by applying a known shear stres3 {o a sample to determine the strain rafe) (Weijermars,

1986) and from this the viscosity?] can be calculated (Eqg. 2.2). Several types of viscometer
have been used; rotary, concentric cylinder, falling ball, tube and parallel plate, with each
method able to quantify the behaviour at different ranges of shear réeg. Lane et al.,
2001; Rust and Manga, 2002a; Bagdassarov and Pinkerton, Bd@&bmeters work in similar
ways to viscometers, however they are more advanced as they can be used to measure the
properties at a range of temperatures usindtiee plates(e.g. Kavanagh et al., 201Several
studies have used rheometers to characterise the properties of both magma and host rock

analogues; e.g Llewelli(2002b) and Schellert(2011) for golden syrup magmas, and
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Kavanagh et al2013)for gehtine hosts. Over recent years, rheometers have been used

more regularly than viscometers due to the greater range of properties they can measure.

2.5.3 Scaling

The selection of materials to use in laboratory experiments has a large impact on the
applicability ad reproducibility of a model to natural systems. For the selection of
appropriate materials, scaling of experimental parameters to nature is required with respect

to universal laws that govern the physical systems being studieulle, 2015) The scaling

of experiments was first described by Ampfe(@806; cited in Kavanagh et al., 2018i)o

identified that as length scales are decreased from the natscale to a laboratorgcale

Y2RSf> (GKS alryS ySSRa G2 200dzNJ F2NJ Fff 20K
fundamental units that are used are length (m), mass (kg), time (s) and temperatre (

From these fundamental units many other properties of natural and model materials can be
identified, including velocity (m'$, stress (kg rhs? or Pa) and viscosity (kg'hs? or Pa s).

Scaling is undertaken using two main methods, either by uétdgOl £ S T Qi 2NRBR Q 2
. dzO1AY3AKEFEYQEa omdpmMnO WtA GKS2NBYQ oltaz (yz2é6y
dimensionless numbers in laboratory models can be maintained, then the use of laboratory
models to understand natural systems can behhigeffective. In contrast, when these
parameters are not calculated, or do not remain constant, then direct comparisons cannot

be made. However, lessons can still be learnt, and processes can still be identified that
occurred during the timescale of thexgeriment, although the link to nature needs to be

made cautiously. Brief descriptions of the scaling methods are now presented, however the

reader is directed to reviews on these topics by Galland g28l5)and Merle(2015)for

more detail.

2.5.3.1 Scaldactors
Scale factors undemithe scalability of laboratory experiments to natural systems. They
represent the ratios between the natural system and models, determining aspects such as

the length 6*), density (*) and timescales) of experiments. These ratios are defined as:

o J— (2.9)
e (2.10)
g -, (2.11)
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wherem andn represent the model and nature respectivékavanagh et al., 2018blrrom
these simpler ratios, more complex ratios for parameters like viscosity can be determined,
enabling the density and stress differences between host rock and magma to remain
constant in the model. When modelling using gramutaaterials, scaling ratios for the
properties of the host material, such as cohesi@) (@nd the angle of internal friction §,

and of the magma analogue, such as viscosity, ieed to be determined:
6 —, (2.12)
- - (2.13)

Galland et al. (2006) state that the angle of internal friction is dimensionless, as such should
remain the same (or similar) between nature and the model. See Galland et al. (2006) for a

more detailed description of the scafj parameters used in their granular type models.

2532. dzZO1AYy3AKIFYQa tA (KS2NBY

. dzO1AY3AKEFYQA tA GKS2NBY:I Ffaz2z (y2é6y a WRAYS
of similarities between the natural and model systems using a series of dimensionless
numbers (Buckingham, 1914t works by assessing the key physical variables of the natural
adaidsSy (2 ARSYGATe RAYSyaazyfSaa LI NF YSGSNI
applied to the model to express the physics the investigated processes. Common
dimensionless numbers used in studying magmatic intrusions include the Reynolds number

(R8, the Rayleigh numbeR@ or the Hubbert numbefMerle, 2015; Kavanagh et al., 2018b)

Reis used to describe style of flow, with IdReindicating laminar flow and higReindicating

turbulent flow. It is defined as:
YQ —, (2.19

where” is fluid densityp is flow velocityL is distance, and is viscosity. This flow style will
affect the trajectories of passiveacer elongate crystals which align with the flow velocity

vector in a flowing magma.

Rais used to determine theresence of convective flow due to heat transfer, and is defined

as:

Yoo ——, (2.15)
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where, g is gravity," is the coefficient of thermal expansiomT is the temperature
difference, and is thermal diffusivity. LowRaindicae cooling by convection, whereas higher

Raindicate cooling via convection.

The Hubbert number is used to determine the ratio between gravity and cohesion, and is

defined as:
06 —, (2.16)

where’ is the density andyis cohegin. Huis implemented to accurately scale the cohesion

of analogue materials to that of rocks found in nature (Merle, 2015).

2.5.4 Laboratory models with elastic host materials

The hydraulic fracture model of intrusion emplacement, where the crust is modelled as an
elastic host, has been studied using a range of techniques to understand the processes and
mechanisms involved in the propagation and emplacement of difkgsre 2.7/; e.g. Fiske

and Jackson, 1972; Rivalta et al., 2005; Kervyn et al., 2009; Taisne et al., 2011; Kavanagh et
al., 2018a)sills(Figure 2.7C; e.g. Rivalta et al., 2005; Kavanagh et al., 2006, 2017; Chanceaux
and Menand, 2014, 2018accoliths(e.g. Pollard, 1973; Pollard and Johnson, 1973; Hyndman
and Alt, 1987)and diapirs(e.g. Dietl and Koyi, 2011These models predominantly use
gelatine as a host material, as it behaves as a viscoelastic solid that can undergo elastic
deformation prior to brittle fracture at low temperature ard5 wt% concentraioifAcocella

and Tibaldi, 2005; Kavanagh et al., 20G3)latine is versatile in that its properties are directly
linked to its mixing ratio with water dirrg preparationgnabling different strength gelatine

hosts to be prepared so that different strength host rocks in nature can be mod&ledita

et al.,2005) Other viscoelastic materials that have also been used as host the material when
studying the propagation of brittle fractures or magmatic intrusions, include égamita

and Ota, 2011and laponite ge(Bertelsen et al., 2018)

Into the gelatine, a range of fluids have been injected as magma analogues, spanning
Newtonian fluids such as gie.g. Rivalta et al., 2005; Menand et al., 2040y water(e.g.
McLeod and Tait, 1999; Kavanagh et al., 26@6¢mperaturedependant Newtonian fluids

such as paraffin wa@Figure 2.7D; e.g. Taisne and Tait, 20dédgetable oil (Vegetaline brand)
(Figure 2.7E; e.g. Chanceaux and Menand, 2014, 201&)lten gelatinge.g. Hyndman and

Alt, 1987; Pansino et al., 201%ther viscous fluids, sh as plaster of Paris, have also been

intruded which solidify and can subsequently be excavétttbert and Willis, 1957)
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Chapter 2: Review of dyke and sill emplacement

3D MORPHOLOGY

Figure 2.7Analogue models of dykes and sills that use viscoelastic gelatine to repr
the host rock, however, use a range of intruding fluids. A) Injection of coloured wate
I aNAR3ISE &KI LISiRat te2oNdelroRirfje2tBré an® Auidirfg injetion
(Fiske and Jackson, 197B) coloured water dyke propagation into gelatfkevanagh et
al., 2018a) C) water injected into multhyered geléine block forming a sill at the
interface (Kavanagh et al.2017) D) injection of wax into gelatine to investigate tt
impact of cooling and solidification on intrusion morpholdggisne and Tait, 201,1f)
excavated complex sill structure created during injection of molten vegetable oil
gelatine block that was subsequently allowed to soli@fganceaux and Menand, 201¢€
Ropey structure can be seen in the sill surface.




The experimental setup generally involve an acrylic or perpex tank that have different heights
but either a squarde.g. Kavanagh et al., 2006; Taisne and Tait, 2008)und baseg(e.qg.
McLeod and Tait, 1999; Rivalta et al., 2005; Kavanagh et al.,. 20b7the tank, hot molten
gelatine is prepared and then loaded into the tank before being placed into a refrigeration
unit to solidify, usually for over 24 hours (but over 100 hours for layered experiments). In
multi-layer experiments, smaller volumes of gelatine are sequentiathplaced with
solidification occurring between the addition of each subsequent layer to produce a bonded
interface(Kavanap et al., 2006) The strength of the interface depends on the temperature
at which the second layer of gelatine is added to the first, with lower temperatures producing
weak a weak interface or higher temperatures producing a stronger more diffuse hound
(Sili et al., 2019)The intruded fluid is then injected either from belde:g. Watanabe et al.,
2002; Rivalta et al., 2005; Kavanagh et al., 2006; Sili et al.,, 20®e(e.g. Taisne and Tait,
2009) or from the side(e.g. Chanceaux and Menand, 2016; Urbani et al., 20i8)the
solidified gel.

Single layer gelatine experiments generally study dyke propagétion McLeod and Tait,
1999; Taisne and Tait, 2015ome mdels have studied the effect that the ambient stress
field has upon intrusion morphology, by either compressing the gelatine by inserting sheets
between thetank and thesolidifiedgelatine blocKkMenand et al., 201@r causing extension

by replacing some gelatine with water at the edges of the tank and loading the surface from
above (Daniels and Menand, 2015DPyke propagation within volcanic edifices has been
studied by either intruding directly into gelatine with an edifillee conical or triangular
prism morphology(e.g. Fiske and Jackson, 1972; Acocella and Tibaldi, 2005; Tibaldi et al.,
2014)or by injecting into a gelatine block with an overlying load to represent a volcanic
edifice (e.g. Watanabe et al., 2002; Walter and Troll, 2003; Kervyn et al., 2B8%e and
Jackson(1972)found that experimental dykes emplace radially around a conical edifice,
however when the edifice was elongateigngular prism) the dyke would propagate along
the longaxis of the edifice before it would erupt. Intrusion propagation and morphology has
also been studied in caldera settings by partially submerging a cup into the gelatine during
preparation that washen removed after solidification thus creating an unloaded topography
(Gaete et al., 2019)

Multi-layer experiments with different strength layers, have been prepared to study the
effect of different strength host rocks on dyke, sill and laccolith emplacerfeegt Hubbert
and Willis, 1957; Rivalta et al., 2005; Kavanagh et al., 2006,.2l4& morphologies of the
intrusions (Figure 2.7E; Chanceaux and Menaf@16)and the effects they have on the
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stress field in the surrounding host material has also been investigated using the photoelastic

properties of gelatindKavanagh et al., 2017)

Many of the gelatine models have focussed on emplacement dynamics and effects the host
rock properties have on the intrusion type created, and the processes occurring within the
intruding magma have beerelatively understudied. A recent study by Kavanagh et al.

(2018a)begins to address this gap, and is discussed in detail in s&c§oh

2.5.5 Laboratory models with granular hosts

Inlaboratory modelling, the viscous indenter style of intrusion emplacement where the crust
is modelled as an inelastic deformable body, has been investigated to understand a range of
processes and mechanisms that effect the morphology of difkgsire 2.8/Ci; e.g. Mathieu

et al., 2008; Abdelmalak et al., 2012; Wyrick et al., 2015; Guldstrand et al., 2017; Poppe et
al., 2019) cryptodomeqFigure 2.8Cii; e.g. Schmiedel et al., 2017; Poppe et al.,, 2008
sheets(e.g. Galland et al., 2014; Poppe et al., 20&Bs(Figure 2.8CiD; e.g. Galland et al.,
2006; Galland and Scheibert, 2013; Schmiedel et al., 2017; Poppe et al.a@d18¢coliths
(RomanBerdiel et al., 1995; Galland and Scheibert, 2013; Schmiedel et al), 201 these
models commonly use granular materials, such as sand, silica flour or mixes thereof, as
analogues for an inelastic plastic cr$able 2.4; Galland et al., 2006; Wyrick et al., 2015;
Schmiedel et al., 2017; Poppe et al., 20I)esematerials are used because they mimic

natural rock material well, in that they fail both in tension and in shear.

The experimental setup for these experiments using a granular-fiea&t analogue is a
squarebased box filled with compacted granular mastriSome models use multiple layers
of granular materials, with differentiation either in the layer colour or material properties so
that any subsurface deformation of the host material by the intruding fluid can be observed
postemplacementFigure 2.8B; Wyrick et al., 2015he fluid is then injected into the base
of the box using a volumetric pun(p.g. Galland et al., 2014; Guldstrand et al., 2@#k73
hydraulic squeezegiZzavada et al., 2011)
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Chapter 2: Review of dyke and sill emplacement

T \Sauoef-shaped sill

Figure 2.8 Analogue models that focus on the viscous indenter model of intru
propagation where intrusion occurs into inelastic granular host materials. A) |
propagation and formation in using golden syrup magma injected into ignimbrite po\
(Mathieu et al., 208). B) Propagation of a solidifying paraffin wax dyke into sand wi
can then be excavated to analyse the intrusion morpholdyyrick et al., 2015)C)

Golden syrup injected into mixtures of silica sand and gypsum powder whilst

monitored ly xray computed tomography to analyse evolution of the 3D structure du
emplacement of (i) a dyke, (ii) a cryptodome and (iii) a saucer shapéelogifie et al.,
2019) D) Intrusion of vegetable oil as a series of sills and cone sheets as it prop:
through layers of silica crystals and silica spheres respéct{i) Photograph of excavate
model, (ii) diagram of (i) showing location of silica crystals (white) and silica spheres
grey) and sauceshaped sil(Galland et al., 2006)
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One problem associated with using granular materials in analogue experiments that study
magma intrusion is the lack of transparency of the medium. As such, solidifying fluids need
to be used to observe the stctures formed which are then excavated after the experiment
has ended. The fluids used behave in a Newtonian manner at higher temperatures, however
are solid at lower temperatures or closer to room temperature, e.g. golden sfgup
Mathieu et al., 2008)vegetable oile.g. Galland et al., 2006, 200&)d paraffn wax(e.qg.
Wyrick et al., 2015)Even then however, the evolution of the intrusion over time is not
possible to reconstruct other than qualitatively and based on assumptions about flow
direction. Tke models of Kratinova et §R006)and Zavada et al2011)begin to address this

gap in the literature by studying the AMS fabrics preserved during the emplacement and
solidification of plaster of Paris intrusion that have been seeded with fine grained magnetite
particles. After solidi€ation, the plaster bodies were excavated, sliced up and their internal

fabrics studied, with different flow regimes identified, such as flow, shear and compression.

Multiple studies have recorded the surface deformation during experiments, either using
photogrammetry(Tortini et al., 2014; Galland et al., 2016; Schmiedel et al., 201¢)ay
computed tomography (CTPoppe et al., 2019With photogrammetry, 3D changes in the
surface topography can be calculated and determined using software such as MicMac
(Galland et al., 2016)The recent use of-ray CT in analogue modelling is a useful tool in
determining evolution of the entire-8imensional structure of the model ev short time

steps, which means that the different processes that occur during emplacement can be
understood. By recording the deformation during intrusion emplacement and combining
with the intrusion structure, a better understanding of the morphologyintfusions being

formed during emplacement in natuf®oppe et al.2019)

2.5.6 Laboratory modelling of lava flows and domes

The emplacement of lava domes and lava flows can be used as proxies for studying the
processes occurring within actively propagating intrusions. This is due to similarities existing
betweenthese intrusive and extrusive sections of the volcanic system, for example, basaltic
lavaflows behave in similar ways to sill like bodéssthey are both horizontally oriented
sheetlike bodieghat transport magmawith the main differencdeingthe presence ofack

of a lithostatic loadSlls have arupper contact withhost rockwith the overlying lithostatic

load causing the magma 8pread out laterally whichresultsin structures withhighaspect

ratios of ~1:2002000 (Bunger and fiden, 2011) In contrast, &va flowshave an upper
contact with either air or watewhich rapidly cool or quencllow margins andacts to

channelize and increase the fldhicknesseglue to solidification aroun@dges When this
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is combined with a laasf an overlying lithostatic loadhisresultsin low aspect ratios ranging

from 1:>50 for mafic rheologies thi<8 for felsic rheologie@Valker, 1973)Due b lavaflows

and domedeingkey structuresfor the transport and stoage ofmagmaabovethe surface,

I include here a background into analogue modelling of lava domes and flows, and how these
can be a basis for analogue modelling of sheet intrusions. This sectinragapted version

of sections 8 and 9 of Kavanagh et(2018b)

2.5.6.1 Lavadomes

Lava domes are effusions of degassed, highly viscous;railicamagma that accumulate at
volcanic vents. Their emplacement can cause the fupldf gas and pressure in the conduit,
increasing the potential for explosive eruptions or the formatiofhpyroclastic density
currents. Modelling lava dome emplacement and stability is key for identifying thresholds for
collapse and therefore for assessing the potential risk of such events. Aspects of lava dome
emplacement that have been studied in labomgtoexperiments include morphological
variations due to topographfe.g. Lyman et al., 20Q4mnagma rheologye.g. Griffiths and

Fink, 1993; Fink ahBridges, 1995)and the preservation of flow fabrics using magnetic
fabrics(Zavada et al., 2009)ava dome models have been scaled by considering the Reynolds
number (Re) ensuring laminar flow and the Bingham number (B), which quantifies stresses

within the dome(Balmforth et al., 2000)

Dome morphology

Laboratory models of lava domes have lardejussedon the influence of lava rheology on
dome morphology. Griffiths and Firjk993)investigated the progressive spreading of lava
domes by effusing liquid PEG 600 wax into a tank of cold sugar solution with a horizontal
base. The temperature gradient between the wax and solution caused the onset of
solidification, and the lava viscosity had a large influence on the morphology of the dome
that was formed. Fink and Bridgg4995) found that pulsating the wax effusion and
decreasing its temperature resulted in predominantirtical growth of the dome rather

than flow away from the vent, and so the length of lava domes could be explained primarily
by variations in effusion rate. Several lines of evidence suggest that lava dome rheology in
nature is more complex than a simpleniperaturedependent Newtonian fluid. Balmforth

et al. (2000)carried out numerical simulations of lava dome growth and evolution using a
HerschetBulkleyrheology, which were compared with kadimater slurry models. They
found that the yield stress acting in the dome is important in determining dome morphology;
however, the combined effects of shear thinning and yield stresses were difficult to

distinguih. Experimentally, Blak€1990) used kaoliqwater slurries to model dome
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morphology in a Bingham fluid to identify yield stresses awegmwithin domes effused onto
horizontal planes. Their domes were parabolic in nature with surface lineations that spiral
out from the centre and are inferred to be areas of shear localisation, which allows for stable
dome growth. Griffiths and Finkl997) used a PE@Gkaolin mixture to study lava dome
morphology with the kaolin powder converting the fluid from a temperatdependent
Newtonian fluid to a Bingham fluid. These analogue lava domes produced spines and
irregular breakouts of wax (Figure 2.9A) due te theld strength of the magma analogue.
Lyman et al(2004)used a similar mixture to investigate the impact of slope and effusion rate
on dome morphology. They found that contrastidgme morphologies (e.g. platy, spines,
lobes) were associated with extrusion onto a surface at different slope angles, but that
effusion rate had the greatest impact on dome morphology. These results can be compared
to lava dome morphologies in nature, $uas Wilson Butte in Californjayman et al., 2004)

to calculate the effusion rate of prehistoric domes.

Internal deformation ofavadomes

Internal flow patterns within lava domes in nature have been inferred from crystalline and
bubble fabrics within the crystalline lava, thus providing insight into the processes occurring
within a dome during formation. Zavada et g1009)studied magnetic fabric development
within lava domes by effusing plaster of Pageded with magnetite particles from a point
source, injecting with increasing pressure onto a deformable surface of sand (Figure 2.9B).
The plaster of Paris and magnetite mixture behaves as a shear thinning fluid and was allowed
to solidify once extrudedThe solidified dome was then cut into slices and oriented samples
drilled for analysis by applying anisotropy of magnetic susceptibility (AMS) to quantify the
direction and intensity of any fabric that was developed by the magnetite particles during
the exrusion of the lava dome. They found more concentrated suspensions with higher
viscosity created complex dome structures that had relatively steep sides, akin to lava domes
commonly observed in nature. Post emplacement cooling and alteration of the dame fr
hydrothermal fluids was modelled by Ball et(@015) who simulatedte effect of heat and

water flow though cooled lava domes over prolonged timescales (100 years). They
determined that alteration is most likely to occur at boundaries between different parts of
the dome, and that temperature greatly affects the potential falteration with faster

cooling rates reducing the likelihood of deep alteration within the dome.
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Chapter 2: Review of dyke and sill emplacement

Figure 2.9Analogue models that study lava domes (A and B) and lava flows (C and
experiment by Griffiths and Fir(@997) of polyethylene glycol extruded from a poil
source imaged in (i) plan view and (ii) side view. (B) Photograph showing (i) ex
morphology and (ii) cross section through plaster of Paris analogue model of lava
emplacement seeded with magnetic peles for AMS analysis (scale bars are 10 cm Ic
photos courtesy of Prokop Zavada. See also Zavada et al., 2009). (C) Dehydration
starchgwater slurry to study the formation of columnar jointing structures in lava flc
(modified from Goehring el., 2006). (D) Effusion of molten wax onto bed of solid \
to study thermal erosion of lava flow into underlying material after (i) 4 and (ii) 14
(Kerr, 2001)

2.5.6.2 Lava flows
Labordory and numerical modelling has been extensively applied to investigate lava flow

emplacement. Scaling of lava flow models considers several aspects, such as the mechanism
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of heat loss via the Peclet number (Pe) and dimensionless timesaglder(solidfication
(e.g. Fink and Griffiths, 1990, 1998y the laboratory, the emplacement dynamics and
morphology of lava flows has beervastigated using Newtonian fluide.g. glucose syrup;
Stasiuk et al., 1992)nd more complex fluids that account for cooling and crystallisation and
develop a solidified crust during flofg@.g. PEG wax; Hallworth et al., 1987; Fink and Griffiths,
1990; Gregg and Fink, 1995Jhese experiments model variations in heat flux, thermal
gradents, and cooling on the temporal and spatial variatmlava flow viscositythen
extrapolating the impact these factors have on fout length and flow morphology. Lavas
have also been modelled in the laboratory as a particle suspension, with exp#simen
showing that increasing particle volume fractig@oule and Cashman, 2005; Castruccio et al.,
2014)and particle siz€Del Gaudio et al., 2018)creases lava viscosity and can affect lava
flow morphology. Higitoncentration paticle suspensions produce low flow velocities, shear
localisation, and subsequent break of the flow surface, causing transition from pahoehoe

like to aalike morphologies that are reminiscent of natural flo@@®ule and Cashman, 2005)

Lava flow dynamics

The cooling mechanism of lava flows impacts the morphology andutitength of the flow

and therefore the hazards it may pose to surrounding populations. Recent work by Garel et
al. (2012, 2014nas studied, in detail, the effects of cooling on the morphology of flows in
the laboratory and numerically. They efed silicone oi{Garel et al., 2012and PEG P3515
(Garel et al., 2012, 2014hto a horizontal piece of polystyrene, which insulates the base of
the flow, and developed a numerical model that considers both surface and basal cooling by
scaling termal boundary conditions and radiated power. They showed that cooling is
primarily controlled by the effusion rate of the fluid, and that it is possible to estimate the
effusion rate from observation of the surface thermal signal. Their results correfitte
natural examples of effusion rates; however large amsuwftuncertaintyexist between
these models andnatural lava flows due to the complex nature of natural systems, i.e.

variable flow dynamicandcoolingprofiles within the flomGarel et al., 2012, 2014)

Lava flow levees and solidification

Critical n the cooling of lava fields is the development of lava levees, crust formation, and
progressive breakout. This has been investigated in the laboratory using paraffin wax, where
the progressive cooling of the hot, liquid wax causes levees to form and elisation of the

flow (Blake and Bruno, 2000; Miyamoto et al., 2001; Nolan, 202d)st formation over the
cooling flow surfacénsulates the molten wax and creates tufi flows, and blockages or

restrictions in the tubeed flow of wax to the flow front lead to flow inflation and eventually
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breakout from the crust. Blake and Bru(20D00)used PEG wax experiments to demonstrate
the link between lava effusion rate, lava viscosity, and strength of the chilled crust, which
impacts how and where breakouts from lobate structures odg€arlstrom and Mangé006)

used spreading paraffin wax experiments to stualydooling andifting associated wittava
lakes howevertheir results caralsobe appliedmorphological transition from pahoehoe to

aa flows due tdracturingand riftingof the coolnglavacrust.

Solidification and development of columnar jointing in lava flows has been modelled using
corn starch slurries that are placed under heat lampaltow the water to evaporate away
(Mller, 1998; Goehring and Morris, 2009)he loss of water was uses an analogue for
heat loss within lavas; as the starch dries out it shrinks, resulting in cracks forming and
propagating through the material (Figure 2.9C). The morphology of the vertical columns
formed within the analogue lava correlates well with tm®rphology of columns in natural

lava lakes and ponded lava flows such as in HgMaiiler, 1998; Goehring et al., 2006)

GKS DAFyGQa /I dza S gGoehring ynd Marisli2ROSMEevdr, Kidbdr | Y R
rheological studies to better understand the material properties are needed to improve

scaling these experiments to nature.

Substrate erosion

Field observations of erosion channels within lava tubes suggest that assimilation of the lava
substrate can occur when lava flows are emplaced with high heat flux or flow over substrate
with a low melting temperature. Huppert and Spafik985)investigated the development

of thermal erosion channels in komatiite lava flows by pouring hot water onto a slab of PEG
1000 wax; Komatig lavas are thought to have had unusually high heat flux, and so thermal
erosion of their substrate is expected to have been an important process in the development
of these ancient flows. Kerf2001) used theoretical models alongside molten PEG 600
effused onto an inclined sheet of solid PEG 600 (Figure 2.9D) to investigate how the thermal
profile of lava flows evolves both spatially and temporally. His experimental results agreed
with the theoretical models, which showed that there is a critical thickness range at which
chilled margin formation at the base of the flow ceases and erosion begins, depending on the
AYAOGALE GSYLISNI GdzZNB 2F GKS 1 3T ERateral al f (A
period of 0.21 to 4.6 days.

Flow indicators in lavas
When studying ancient solidified flows in nature, crystal distribution and stretched bubbles

have been used to infer flow direction. The preservation of flow indicators in solidified lavas
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was investigated in analogue experiments using layered viscous silicone to model internal
strain within extruding and spreading fluid&ilbert and Merle, 1987)The experiments
showed that in channelised flows, or at the base of a lobe, the lava flow trajectory indicators
could be both parallel and perpendicular to each other in the upper portion @&doW/hen
applied to lava flows in nature, such observations can explain emplacement mechanisms and
possibly account for variations in deformed bubble and crystal sipagkerred orientations

compared to AMS fabrics in different parts of the fleewg. Caballerdiranda et al., 2016)

2.5.7 Laboratory modelling of flow structures

The use of laboratory modelling using ariale materials to understand the internal magma
flow process is limited as the majority of studies only interpret the external morphology of
an experimental intrusiofe.g. Taisne and Tait, 2011; Chanceaux and Menand, 2016)a

flow (e.g. Gregg and Fink, 1995; Cashman et al., 2@26lies of finescale flow fabrics or

flow dynamics where individual particles or regions are tracked are a lot less cofengon
Bhattacharji and Smith, 1964; Gilbert and NMer1987; Kavanagh et al., 2018Hlere, the
analogue models that have been used to understand the flow dynamics in both intrusive and
extrusive systems are reviewed (but with experimental setups described in previous

sections).

Flow structures like rogs have been identified in several models and linked to the folding of
the contact surface (exposed surface). These structures formed due to shear created by
faster flowing magma analogue below a slower moving surface which then drags the surface,
and as gch folds if{Gregg and Fink, 1995)his has been found when phacing both sill type
morphologieg(Figure 2.7E; Chanceaux and Menand, 2@b@)during the formation of lava
flows (Gregg and Fink, 1995; Cashman et al., 2006¢ formation of these structures is
linked to the rheology of the magma analogue, which tends to be temperatependant
Newtonian, such as waxes or vegetable oils. These fluids are injected at temperatures above
their melting points, however, during the experiment they cool and solidify from the surface
inwards. Gregg and Fink (1995) also identified ff@asellel lineationsn their wax models
which they linked to the breakup of a lava flow surface. These lineations formed parallel to
the opening direction of the breakup surface of the lava flow and are inferred to be in the

direction of flow in submarine flows with riftedifaces.
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7 lmm

Voo,

Flow Velodty imvs)

Figure 2.10Analogue models that study magma flow. A) Particles in oil during
showing the localisation of crystals away from the margins of d¢Bbattacharji and
Smith, 1964)B) gelatine water models of Kavanagh et(2018a)whereparticles in the
flow are illuminated by a laser sheet, from which flow trajectories were identified dt
(i) dyke growth and (ii) at eruption. C) AMS fabrics preserved within plaster mo
Zavada et al. (2009) from Figure 2.10B.ii, (i) shows thengtagfoliation orientation and
(i) shows the shape parameter (1 is oblate ahis prolate).
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Analogue modelling studies on smaikale fabrics associated with crystals and vesicles
within crystalline magma are also rare. The localisation of cryatedy from dyke walls was
investigated by Bhattacharji and Smith964) who used a range of oils (itow, coconut,
turpentine) with added irregulashaped particles (leucite, paraplex plastic, wood, charcoal
or Bakelite) to model the dispersion of particles during analogue magma flow through a dyke
(Figure 2.10A). The oils undergo laminar flow through domduit with the particles
suspended within. They found that the particles rotated away from the intrusion walls during
Ft26 RdzS G2 (GKS Wal dJydza SFFSOUQr 6KAOK 20l ¢
ceased, the particles descended througle tbonduit and spread out closer to the margin
again, however they Hocalised toward the centre when flow resuméBhattacharji and
Smith, 1964) This rotation away of larger particles away from dyke walls can help to

understand crystal distributions during laminar flow in Newtonian fluids.

Larger scale flow dynamics hdween studied by Kavanagh et @018a)used water seeded

with tracer particles illuminated by a laser sheet to track the fluid flow in a growing and then
erupting dyke using particle image velocimetry (PIV) (Figure 2.10B). The experiments were
videoed and the illuminated particles were tracked across multiple timesteps to map the flow
trajectories. Four different stages of dyke growth were identified basedhenfltid flow:

from initial inception, to dyke propagation, the development of a centralised fluid jet and
downflow at the dyke margin, and eventual eruption. These models are amongst the first to

identify flow evolution during dyke emplacement.

The preseration of magnetic fabrics within analogue models have been investigated by a
few studies whereplaster of Paris (viscous magma analogue) is seeded withgfaieed
magnetite particlegseeHgure 52Ain chapter 5 foparticle shapeg which is subsequently
squeezed or injected into vents of known geometries or through ¢natinova et al., 2006
Zavada et al., 2009, 2011Jhese models are used to understand the flow fabrics and
associated flow processes occurring within diapirs, diatremes, and lava domes (described
above). These models use plaster of Pagsit behaves as a pseudoplastigidl which
solidifies, enabling it to be excavated and sampled to understand the preserved fabrics
(Figure 2.10C). These models are unique, in that the method to analyse magnetic crystal
fabric in the model is a direct equivalent of their measurement irurgtand so can be
utilized to improve our understanding of the emplacement processes involved in the

formation of magnetic fabrics in viscous magmatic structures in nature.
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In summary, analogue models have been applied to understand a variety of different
structures both at the macroscale, e.g. dyke and sill propagation, and microscale e.g. crystal
and magnetic fabrics. However, there are still large gapspplying laboratory modelling
using analogue materials to understanding flow fabrics within sheeisions.The majority

of the current studies of intrusion emplacementusing laboratory modellingprimarily
focusses on thebehaviour of the host materiahnd the impact it hason intrusion
morphology, however large gaps remain in relation to bedaviou of the intruding fluid
during emplacementThe style oemplacement anéssociatedlow fabricsoccurringduring
magma intrusionalong with how these fabrics are then presenredhe solidified bog is

also poorlyconstrained This issupportedby a lack of understandinigto how analogue
intrusions grow andevolve through time More specific to this thesiss the lack of
understanding of theformation and distribution ofmagnetic fabrics associated with the

emplacementand evolutionof dykes and sills
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Chapter3: The origin and evolution of magnetic fabricenatficsills

This paperthasbeen published in Frontiers iBarth Sciencas Martin & al. (2019) Data
collection analysis and writing of tnpaperwasdone bymyself,with the support fromJanine
Kavanagh and Andy Biggilames Utley performed the QEMSCAN data collection, analysis
and read the manuscripElliot Wood provided field supporeeAppendix B for published

version.

3.1 Abstract

Studying extinct volcanoes where erosion has exposed dykes and sills provides direct
access to the fossil remnants of magma movement, however linking crystallised
magma to emplacement dynamics is challenging. This study investigates how magma
flow varies across the thickness of a thin (6 metres thick) mafic sill. We use-a high
resolution sampling regime to measure migocale variations in magnetic
anisotropy, which is associated with the orientation of the magnetic particles present
within the crystalline rock. Fieldwork was conducted on exposed sills of the British
and lIrish Palaeogene Igneous Province, Isle of Skye, Scotland. Here Jurassic
sedimentary rocks have been intruded by a series of sills, of picrite to crinanite
composition, from the Lite Minch Sill Complex (c.60 Ma). Anisotropy of magnetic
susceptibility (AMS) and anisotropy of anhysteretic remanent magnetisation (AARM)
signals have been used to separate a crinanite sill into distinct magnetic groupings.
We identified two AMS groupshé upper and lower sill margins, and the central
region) and four AARM groups (the lower margin, the middle region, a region just
below the upper margin, and the upper margin). Both AMS and AARM signals
originate from titanomagnetite of mukilomain or votex-state to singledomain

sized grains, respectively. The AMS and AARM fabrics are aligned with each other in
the margin regions preserving a history of magfitav towards the North during

initial emplacement. However, in the sill interior teMS and AAR fabrics are
oblique to each other, thus reflecting multiple origins. We suggiestAMS fabrics

have recorded magma flow during sill growth, and AARM fabrics have recorded melt
percolation flow as the interstitial melt migrated upwards through a solinigferystal

mush. We demonstrate that when AMS and AARM are used in combination they

enable a detailed understanding of magma flow and solidification dynamics to be
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obtained, from initial emplacement to solidification. Overall, our detailed sampling
and aralysis indicates that magnetic fabrics can be highly variable over small
distances, supporting the suggestion of horizontal flow restriction and propagation
path migration within growing sills, and that previous reports of magma flow and

solidification dymmics based on undesampled bodies may require reconsideration.

3.2 Introduction

Determining the physical, chemical and thermal processes that occur during the propagation,
transport and emplacement of magma within magmatic intrusions is necessary for
understanding how volcanic systems develeg. Magee et al., 2018Ylagma is transported
through the crust in a series of sheet intrusions called dykes, inclined sheets, agel ills
Mathieu et al., 2008)These sheet intrusions are an important structure for the transport and
storage of magma in the crust, helping to build large magma reservoirs at depth, and are a
key contributor to crustal growtlisee review by Putirka, 2017; and referea¢herein) The
importance of dykes as feeders of magma to the surface is well k(emgnGeshi et al., 2010;
Gudmundsson et al., 2014)ith sills also providingathways for magma to travel many
kilometres from their source regionge.g. Airoldi et al., 2016)Understanding magma
intrusion dynamics that occurred in the past is therefore important for mitigatiolcanic
hazards in the future through monitoring of active volcangesy. Sparks and Cashman,
2017) Sills are also of economic importance as they can be associated with maturing
petroleum source rocks or creating traf@sg. Monreal et al., 2009; Magee et al., 201 8)me
kimberlitic sills are also hosts to diamonr(@sg. Sparks, 2013)

Traditionally the factors that influence the propagation of sheet intrusions through the crust,
and their tendency to mest or erupt, primarily consider deformation of the host rock, with
intrusion propagation linked to: mode of fracture propagati@®. tensile, shear or mixed
mode; Rubin, 1995ktrength and rheology of the host rofé.g. Geshi et al., 2012; Galland
et al., 2014) mechanical layering of crustal strae.g. Kavanagh et al., 2006hterface
strength between rock layerg.g. Baer, 1991; Kavanagh and Pavier, 2044 tectonic
stresseqe.g. Paquet eal., 2007; Menand et al., 2010; Stephens et al., 20d@yever, the
physical properties of the magma can also affect the ability of a magma to intrude rather
than erupt. These includ@magma overpressurg.g. Lister and Kerr, 199Hux(e.g. Fujita et

al., 2004) rheology(including melt composition and the relative proportions of melt, bubbles
and crystals, e.g. Castro et al., 2Q1itgat transfer(e.g. Annen and Sparks, 200ahd the
coupling of magma and hosbck through magma buoyangg.g. Lister, 1991 How magmas

flow, and how flow is preserved in the rock record during the emplacement and @voloft
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sheet intrusions, is not often considered when investigating their formation. This contrasts
with the study of larger igneous bodies, such as plutons, where the focus has been on
magmatic processes and less with the interaction with the fosk (e.g. Bons et al., 2015;
Holness et al., 2017a; Kavanagh et al., 2018b)

There are two dominant models that explain the solidification of shtetisions, which has
primary influence on how evidence of flow is preserved. The first model is typically applied
to thin sills (<10 m) comprising a single pulse of magma which intrudes a coldeaobbst
and solidifies as a single unit via conductivelicgpfrom the contact regionée.g. Huppert

and Sparks, 1989; Wartho et al., 2001; Petcovic and Dufek, .ZD6iS)is often inferred from

the presence of chilled margins at the contacts, and from symmetrical patterns of magma
composition and mineral proportiongeoss the interior of the solidified magnfe.g. Holness

and Humphreys, 2003; Féménias et al., 200%e second model is typically applied to thick
intrusions (>10 m) where large volumes of magma are emplaced by rayfigges which
intrude in rapid succession into the same intrusion and homogetésg Annen, 2011;
Menand, 2011; Holness et al., 2017@here is good evidence that these relatively large
volumes of magma can cool by convectferg. Holness et al., 2017&vidence of convection
includes asymmetrical changes inemistry, mineralogy, crystal preferred orientation and
grain size distribution across the breadth of an intrugiexy. Holness and Hurhgeys, 2003;

Holness et al., 2017a; Nicoli et al., 2Q18)

Rock structures such as macroscopic ropey surface textargsLiss et al., 2002; Schofield,
2009; Hoyer and Watkeys, 201 8jrained and elongated vesiclgsg Coward, 1980; Varga

et al., 1998; Hoyer and Watkeys, 20130irface groovesscour maks and striations(e.g.
Smith, 1987; Varga et al., 1998)d steps, bridges and broken bridg@homson, 2007;
Schofield, 2009; Magee et al., 2012)ve been use to interpret local magma flow direction

in ancient eroded magmatic intrusions. Microscale fabrics that potentially record magma
flow include crystal preferred orientationge.g. Geoffroy et al., 2002; Hoke and
Humphreys, 2003and rock magnetic fabrige.g. Knight and Walker, 1988; Staudigel et al.,
1992; Chadha et al., 2009; Magee et al., 201Zhese microscopic fabrics are useful as they
can record processes such as simple sliear. Correasanes et al., 2001which can occur
within both stationary and moving materigd.g. Holness et al., 2017a; Kendrick et al., 2017)
When macroscale and microscale observations are used in combirfatgrMattsson et al.,
2018) more complex emplacement histories can be unravelled. Studying two or (pseudo)
three dimensional sections through crystallised bodies exposed by er@sign Summer

Coon volcano, Colorado; Poland et al., 2004h help to reconcile intrusion geometries and
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flow patterns inferred from geophysical survggsg. Thomson and Hutton, 2004; Thomson,
2007; Chadwick et aR011; Magee et al., 2018nd scaled analogue moddks.g. Kavanagh

et al., 2006, 2015; Zavada et al., 2009; Abdelmalak et al., 2012; Arbaret et al., 013)
example of variable flow has recently been characterised in the analogue models of Kavanagh
et al. (2018a)who identified flow circulation and channel development in a growing model

dyke using particle image velocimetry.

Rock magnetic techniques, such as Anisotropy of Magnetic Susceptibility (AMS) or Anisotropy
of Anhysteretic Remanent Magnetization (AARN, @ommonly used to determine magma
flow trajectories, with many studies applying one or both techniques to rock samples
collected from dykege.g. Knight and Walker, 1988; Gdégel et al., 1992; Poland et al., 2004;
Chadima et al., 2009; Silva et al., 20a0) sills(e.g. Liss et al., 2002; Polteau et al., 2008;
Hrouda et al.2015; Hoyer and Watkeys, 201df)a wide range of magma composition and
from various tectonic settings. However, these studies predominantly focus on measuring
the initial magma flow direction by sampling near the intrusion contacts, resulting in a
simgification and a potentially limited understanding of the overall emplacement history and
how this changes through time. Problems can also arise deciphering the origin of the fabrics
if other processes, such as shear along the fracture during emplacdmgntCorregomes

et al.,, 2001)or post emplacement alteratiorfe.g. Trindade et al., 2001; Archanjo and

Launeau, 2004have occurred.

This paper investigates how magnetic fabrics vary across the thickness of a relatively thin sill
(6 m thick) from the Isle of Skye, Scotland. Rock m@gmnalyses of closebpaced rock
samples of crystalline magma collected along the length and thickness of the sill provides a
detailed account of how magnetic fabrics can vary spatially. We also present what we believe
is one of the first applicationsf the AARM technique to understand sill emplacement
histories. The AARM signals are compared with AMS fabrics and interpreted based on some
basic petrographic analysis and simple thermal modelling to better our understanding of how
syn and post emplacem& processes are recorded in magmatic intrusions, from sill
propagation to solidification. We also make recommendations on how these techniques

should be used to study magma flow in fossilised magma intrusions in the future.

3.3 Geologicasetting

To investigte how magnetic fabrics vary across the thickness of a sill we required a field
location which provided a well exposed sill, with basal and upper contacts exposed, and a
site that was easily accessible. As our study aims to collect rock samples at heatgrigdgy,

we also required an intrusion that was relatively thin (<10 m thick). To aid our interpretation
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of our magnetic results we also required a site that had detailed petrographic work already

available in the literature. Sills from the TrotternisenRinsula in the Isle of Skye fulfil all

these criteria, and was therefore the ideal site where to conduct our study.
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Figure 3.1 Simplified geological map of the Isle of Skye (modified after EDINA Ge
Digimap Service, 2008) showing location eemTote (Red Star). (B) Geological mag
disused quarry near Inver Tote, Isle of Skye, Scotland. Palaeogene age crinanite (
picrite sills (PS) (green and white respectively) of the Little Minch Sill Complex, Briti
Irish Palaeogene Igneousokince, have intruded Jurassic sedimentary rocks (JS, ora
Cross cutting the area are two basaltic dykes (red). Locations of magnetic samplin
are marked G4 in the SW end of the quarry.
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The Trotternish Peninsula is located in the thoof the Isle of Skye, Northwest Scotland
(Figure3.1A). It is a 33 km long peninsula comprising a succession of Middle Jurassic
sandstones and mudstones (~168 MBEudson and Trewin, 2002apped by basaltic lava
flows of the Sike Lava Group~60 Ma)(Harris and Hudson, 1980; Gibb and Gibson, 1989;
Emeleus and Bell, 2009)he sediments were intruded by a series of sills which comprise the
Little Minch Sill Complex (LMSC), and are part of the British and Irish Palaeogene Igneous
Province. The LMSC is considered to fuade the Skye Lava Gro(pchofield, 2009; Hughes

et al., 2015) The sills vary in composition frontpte (>40% olivine) to picrodolerite (D%
olivine) to crinanite (analcime bearing olivine dolerite with <15% olivi{@&pb and
Henderson, 1984; Gibson and Jones, 1991, British Geological Survey ARG0@ter stage,

the region was crosscut by a series of & trending mafidykes from the Skye Dyke Swarm
(Hughes et al., 20155 part of the North Britain Palaeogene By&uite(Emeleus and Bell,
2005)

Structural mapping and rock sampling were conducted in an easily accessibtg gear

Inver Tote (NG 51863 60609) (Fig@rE) where a crinanite sill and a picrite sill (FiguB&#\

B) have intruded sandstones and mudstones of the Elgol Sandstone Forrfiédiais and
Hudson, 1980) A combination of partially evolved olivifearing alkalbasalt paental
magma and assimilated Lewisian Gneiss basement rocks have produced the crinanite
composition(Gibson, 1990)At the site, and in the surrounding area, there are a series of
NNWSSE trending faults that creest the sillgBritish Geological Survey, 200Within the
quarry, two dykes from the Skyyke Swarm crop out parallel to the NNS8E striking faults.

The crinanite sill overlies the picrite sill and underlies Jurassic sedimentary rocks (Figure
3.2A). Its upper contact was not directly observed as the Jurassic host rocks have since been
eroded,however following Gibson and Jond®91)we infer that the resistant and exposed
upper flatlying surface of the quarry is the top of the sill. In the quarry, the crinanite sill has

a thickness varying between 5 and 6 metres, with the upper surface being undulatory
Schofield2009) Schofield2009)alsosuggested that the sill propagated as a series of fingers
from a NNW to SSE direction, and that these fingers then merged during sill inflation. The
lower contact of the crinanite sill has an overall strike of approximately 000/05° W, however

it is undulose and trends 143/135W in the southern part of the quarry and 039/20W in

the northern part. The underlying picrite sill is >15 and up to 42 metres {@tson and
Jones, 1991)There is a chilled margin at the base of the crinanite sill, however columnar

jointing is continuous acroshe margin (Figur8.2B).
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Picrite Sill
(Bottom not seen)

Figure3.2 Field photographs of crinanite and picrite sills that crop out in a quarry at |
Tote. (A) Overview panoramic photograph showing magnetic sampling sitey,(&id
the blue and red boxes are therations of photos (BndD). (Bi) Photograph showing
crinanite sill, a picrite sill and a basaltic dyke. The red box is the location of photo
(C), and (Bii) is an interpretive drawing of (Bi) which shows the location of the
present. (C) Phograph of the lower portion of the crinanite sill showing the gabl
lenses. (D) Photograph of drill holes across the lowest 3 m of sampling heights
crinanite sill (location G1).

Within the crinanite, there are a series of horizontalongate and laterally extensive gabbro
lenses up to a 10 cm in thickness (Fig@r2B-C). These are similar in composition to
pegmatitic gabbro lenses mentioned by other authors who have published on thdeaga
Gibson and Jones, 1991; Nicoli et al., 20I8re are also occasional amygdale rich bands
throughout the thickness of the sill (FiguBe2Bii). Vesicles are up to several centimetres in
size; the smaller ones are spherical, but largees are flatter and elongate, with their short

axes perpendicular to the sill plane. The largest vesicle observed was 20 cm long and 8 cm
wide, and had a long axis oriented approximately ENE. Analcime is present as vesicle infill.
Previous work in theraa does not mention a crystal cargo within the crinanite at Inver Tote
(e.g. Gibson and Jones, 199%pwever it is present in other sills in the region such as the

Shiant Isles picrodoleritie/crinanite un{Holness et al., 2017and the Dun Raisburgh




crinanite(Nicoli et al., 2018)hich have anproximant 3% crystal cargo consisting of olivine

and plagioclase.

3.4 Rock magnetism and its application to volcanic rocks

Rock magnetism and magnetic anisotropy are commonly used in sedimentology,
palaeontology, tectonics and volcanology to understand fororat! processes, determine

rock ages, and palaeocurrent or flow trajectoriesg. Blundell, 1957; Tauxe, 2010Rock
magnetism is often used to determine models of emplacementydded and sills, magma

flow trajectories, and to infer intrusion source locatiqiesg. Olazabal et al., 1999¢land et

I f ®X HannnT hQ5NR&O2f f .Snithiskstudy>we use anisdtropg bf3 S S
magnetic susceptibility (AMS) and anisotropy of anhysteretic magnetisation (AARM) to
understand variations in magma flow trajectories, and to decipheagma flow and

solidification processes across the breadth of the crinanite sill.

Magnetic susceptibilitys the study of how susceptible a sample is to gaining an induced
magnetic field Knight and Walker, 1988; Raposo and Ernesto, 1888)s affected by the
domain state shape,sizeand orientation of all magnetic minerals (digpara and ferro
magnetic) present in the sampl@&han, 1962) AMS s then the directionaldependent
responseof the magnetic minerals withithe sample to the applied fielknight and Walker,
1988; Raposo and Ernesto, 1995)me phasessuch as magnetitepften dominate the
magnetic signal when prese(e.g. Hargraves et al., 199hpwever, thigs dependanbn the
proportion ofother magnetic minerals presemAARM differs from AMS in that it is used to
study the fabric originating from magnetic remanence carrying grains, which tend to be
singledomain (SD) or vortestate (VS) in naturéMcCabe et al., 1985; Jackson, 1991)e
AARMfabric that the ferromagnetic minerals exhibit is linked to their ability to obtain an
anhystereticremanence (labratory magnetisation). The ferromagnetic minerals that give
rise to the AARM signal often occur as silicate mineosted magnetite¢Cheadle and Gee,
2017)

Magnetic susceptibilityK) is defined as;
o — (3.1)

whereM:; is the degree of induced magnetizatiandH s the strength of the magnetic field.

The magnetic susceptibility of a sample is characterised by a second order ellipsoid tensor
(Khan, 1962)which has three principle eigenvector§; K; and Ks, wherek; is the longest
axis, Kz is the intermediate axis anldz is the shortest axigKnight and Walker, 1988Yhe

ratio between the magnitudes of the different tensor axes gives rise to a range of ellipsoid
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properties: lineation L), foliation §), degree of anisotropyP() and shape parameteiT).

There are four diffegnt shapes exhibited by an AMS ellipsoid: spherokdat K- =K3), oblate

(K1 > K = K3), prolate K =Kz > Ks) and triaxial & > Ko > Ks) (Tauxe, 2010)Ellipsoid tensor
shapes can be used to interpret magmatic fabfeg. Knighand Walker, 1988) Prolate
shaped ellipsoids are commonly known as magnetic lineation (Bab)lebeing similar to the

long axis of elongate crystals in magmatic rq€soffroy et al., 2002)n comparison, oblate
shaped ellipsoids give rise to magnetic foliatfdable3.1), similar tathe planar arrangement

of tabular phenocrysts. AARM also utilizes a second order ellipsoid tensor, with the same
ellipsoid descriptions, and is defined Bgm) which is calculated by averaging different

directions of imparted anhysteretic remanent magjisations.

Table 3.1: Anisotropy parameters used by Anisoft software and can be four
Jelinek (1981)..Kk and K are principal susceptibility axes, with ' 2 and' 3 being
their natural logarithms with = ( 1 +' 2 +" 3)/3.

Parameter Solution
Mean Susceptibility [ (KiHo+Ks)/3
Lineation L K/ Ko
Foliation F Ko/ Ka
Corrected degree of R Qo - - - _ - _
anisotropy
Shape parameter T (2 2¢"1¢"3) /(1€ " 3)

Combining the measured magnitude and orientation of ellipsoid tensors with field and
petrological observations is used to infer magma flow that built now static, solidified magma
bodies(e.g. Chadima et al., 2009; Liss et al., 2002; Varga et al.,. 98)has commonly
been used to understand intrusive processes with many studies implementing the technique
to interpret the observed fabricge.g. Knight and Walker, 1988; Staudigel et al., 1992; Roni
et al., 2014) AARM has been used in many studies to infer the aogphent processes of
dykes(e.g. Chadima et al., 2009; Silva et al., 2010; Soriano et al., @0d@he Stillwater
Igneous Complex, Montana, U$Belkin et al., 2014)with only one study applying the

technique to studysill emplacemen{Hrouda et al., 2015)

When the AM3; axis is aligned with the long axis of the magnetic crystals (and phenocrysts
when present) or with AARK, axis, and these are parallel to intrusion margins, this is known
as a normal fabri€Rochette et al.1992; Ferré, 2002; Chadima et al., 2008)this case the

Ks axis are also parallel to the short axis of a crystal or the AKRdKis, i.e. magnetic

lineation and magnetic foliation are both parallel, and can be used to infer the magma flow
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direction. At the margin regions of mafic intrusions AMS fabrics can be imbricated, which
suggests that the magnetic minerals have been reoriented by simple shear conditions
imparted by the flowing magma experiencing variations in strain rate imparted atshipmo
boundary with the hostock (e.g. Knighttnd Walker, 1988; Rochette et al., 1992). In these
situations, the imbricated magnetic lineation and foliation canubed to interpret the sense

of magma flow during initial emplacemef€hadima et al., 2009; Gedfir et al., 2002)
Inverse fabrics occur when the ANMdSand K; axes are inverted with respect to crystal long
axes or AARNK; and K; axes and the intrusion margins. In these situations, the origin of
inverse fabrics is often related to SD crystals domimgathe magnetic fabri¢Potter and
Stephenson, 1988; Rochette et al., 1992; Ferré, 200@)malous fabrics are characterised
by AMS and AARM ellipsoids with axe®iientations that fit neither a normal or inverse
fabric (Soriano et al., 2016)}the origins of which have been widely debated. Examples
include: combinations of SD and mwdthmain (MD) particles that produce the fabr{€otter

and $ephenson, 1988; Rochette et al., 19913nd processes such as syor post
emplacement shear along the craffbragoni etal., 1997; Clemente et al., 200 &)teration
(Rochette et al., 1991pr cooling contractioiHrouda et al., 2015)

3.5 Methodology
3.5.1 Sampling

The crinanite sill was chosen as the ideal candidate to sample for our magnetic analysis. The
quarry outcrop provides excellent exposure and access to the entire sill thickness, spanning
the top and bottom contacts (6 m in total) and extending over ~45fmailblength due to

sampling logistics and field safety. Sampling was also conducted along the inferred axis of a

fingerlike morphology described by Schofi¢RD09)

Seventyeight 2 cm diameter cores, up to 10 cm long, were collected at 50 cm intervals
spanning the énetre thickness offte crinanite sill and spread laterally across 4 sample sites
(GX4 in Figures3.1 and3.2A). The samples were collected using a chainsaw ruteen

Stihl BT45 core drill. Six cores were collected at each 50 cm height interval @2duréable

3.2). Trere was overlap in the sampled heights at the sites to enable correlation between
them to be assessed during subsequent data processing and analysis. Cores were drilled
horizontally, approximately iplane with the sill, and were oriented in situ using baun

and magnetic compasses. In the laboratory, the rock cores were sliced into 2.2 cm long
specimens, with each core producing one to three specimens, yielding a total of 147
specimens which were used for magnetic anisotropy analyses. Additional-siad

oriented and unoriented rock samples were taken for basic petrographic analysis 8TAble
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Table 3.2:Table showing the location and heights of thin sections for petrology
the number of cores collected for magnetic anisotropy studies. The eruofb
specimens cut from the cores is also shown; *represents heights where on
specimen was used for AARM analysis.

Height (m) Description Thin sections Samples for AMS/AARM analysis

from hand Number of  Number ofspecimens
specimens cores obtained from cores for
use in magnetic analysis
0 Crinanite, LMS6, 6 13
including chilled LMS19-O0m
margin

0.3 Gabbro lens LMS5b-h, n/a n/a
LMS5b-v

0.5 Crinanite - 6 12*

1.0 Crinanite LMS19-1m 6 11

15 Crinanite - 6 9

2.0 Crinanite LMS192m 6 10*

25 Crinanite - 6 10

3.0 Crinanite LMS7, 6 11*
LMS19-3m

35 Crinanite - 6 11*

4.0 Crinanite LMS19-4m 6 12*

4.5 Crinanite - 6 12*

5.0 Crinanite LMS195m 6 12*

55 Crinanite - 6 12

6.0 Crinanite LMSS, 6 12
LMS19-6m

3.5.2 Characterisation of magnetic carriers

A key step in any rock magnetism study is accurate identification of the magnetic carriers
that produce the AMS or AARM fabrics. Identification of the magnetic carriers in the
Invertote crinanite sill was undertaken using core offcuts at each samplingttegid taking

three approaches: 1) multechnique analysis using a variable field translation balance
(VFTB), 2) high temperature susceptibility, and 3) thremponent thermal

demagnetisation, known as the Lowrie methawrie, 1990)

Our VFTB measures the isothermal remanent magnetisation (IRM) acquisition and backfield
demagnetisation curves, hysteresis loops, and thermomagnetic curves of a sample to
characterise the properties of its magnetic e¢ars and thus help identify the mineral
populations giving rise to the observed fabrics. Masses of 150 mg of fine powdered rock from
core offcuts were measured for their IRM by applying a magnetic field, removing the field

and then measuringhe magnetizaton to see how well the sample takes the applied field,
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stepwise to +800 mT. Backfield measurements were then made in a similar way but with an
oppositely directed field of up te800 mT. Hysteresis was then measured during the
application of a field in omdirection, then whenhe fieldis inverted and then in the original
directionagain Finally, each sample underwent cyclic heating and cooling in a constant high
field of 240 mTrom 50 Cto 200 Cthen back to 50 C, before repeating and increasing the
maximum temperature in 100C intervaldor each cycleup to a maximum temperature of

700 C.

This determined the Curie temperaturesesch of the magnetic carriers, which are specific
to mineral composition. Data & subsequently analysed using the RockMagAnalyzer 1.0
software(Leonhardt, 2006)

High temperature susceptibility measurements were performed on fresh crushed samples
from the coreoffcuts using the MFHA Kappabridge from AGICO (Advanced Geoscience
Instruments Company). The temperature was incrementally increased fror@ 30 700 C

and then decreased back to 4Q with the magnetic susceptibility measured incrementally.
The data vas then analysed using the Cureval8 software from A@Ib&dima and Hrouda,
2012)

Threecomponent thermal demagnetisation experiments using a ified version of the
Lowrie (1990) method were conducted to identify unblocking temperatures of magnetic
carriers giving rise to the signal observed in the AARM analyses. Unblocking temperatures
are the temperature at which the coercive force of a grainov@rcome by thermal
fluctuations resulting in its demagnetisation. In these experiments, the different strength
fields are applied to a core specimatiter AMS and AARM analyses were performed on the
specimen, in decreasing magnitudaseng the X, Y and axes of a representative cylindrical
sub-specimen The field strengths used wereaxis of 1.5 T,-axis of 0.4 T andaxis of 0.02

T, which are the limits of the pulse magnetisers ysmad werealso chosen to identify
specific phases identified durirgher thermomagnetic characterisation experimenEach
specimen was then heated and cooled in steps of between 20 an€ 2( to a maximum

of 620 C These émperatures were chosen &smperatures where we believe the magnetic
remanence igredicted tochang the fastest,i.e. just below the Curie temperatures of

minerals that are believed to give rise to the magnetic signals.

3.5.3 Magnetic anisotropy
AMS analyses were undertaken using a MBKdappakidge from AGICQusing an applied

field of 200 A mt and a frequency of 967 Hwhere each specimen was rotated along three
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axes whilst a magnetic field was induced amelasured before being processed irdmean
tensor and projected onto a stereonasing AGIC® Safyr7 softwar@Chadima et al., 2018c)
The AMS tensor threaxis orientations were analysed in AG&@nisoft4.2 software
(Chadima and Jekk, 2009¥or procesing anisotropy data, utilising Jelinek statis(idsliné,

1977, 1981)Susceptibilities are accurate to within 1% error.

Measurement of AARM was undertaken using @®ARlual speed spinner magnetometer,
LDAS alternating field (AF) demagnetiser and PAM1 anhysteretic and pulse magnetiser from
AGICO. Each sgmen underwent a mulstage manual measurement of the natural
remanent magnetisation, demagnetisation and subsequent remagnetisation procedure.
Initial measurement of the natural remanent magnetisation (NRM) was made using-the JR
6A spinner magnetometeand Rema6 instrument control softwaf€hadima et al., 2018p)
before demagnetisation in a 100 mT alternating current (AC) field using the LDA5 AF
demagnetiser. An anhystereticm&anent magnetisation was then applied to each sample in
incrementally increasing direct current (DC) fields up to 50 with subsequent
measurements using the #HA and Rema6 software to determine the saturation
magnetisation for each specimen. As thegeapable field, but one still below the saturation
values of the field, 500 mT was used as the DC field strength for AARM acquisition. A six
position bias field application and measurement sequence was used for each specimen, with
the data subsequentlyralysed using the Anisoft42 softwai€hadima and Jelinek, 20G8)

determine AARM tensor orientations.

3.5.4 Petrographic characterisation

Basic characterisation of the petrological textures of the crinanite was undertaken by
analysing thin sections from twelve samples (Teh® using Meiji MT9000 an8lIKON
Eclipse LV100Ppblarising microscopes. Seven of these samples, collected at terails
across the sill thickness, were oriented during collection and their thin sections were made
in a NS orientation that was perpendicular to the sill plane. Three additionadriented
samples were collected from the central region, upper and loseattacts of the sill, and two
samples were analysed from the gabbro lenses. M&male imaging was completed by
scanning electron microscopy using a Meiji TM3000 with a 15 eV beam current, and images
processed using the Bruker Quantax 70 software. Qtativie Element Mapping using
Scanning Electron Microscopy (QEMSCAN) was conducted on a FEI WellSite QEMSCAN for
analysis of geochemistry from energy dispersivayspectrometry. The Wellsite QEMSCAN

SEM used a Milament, operating at 15 kV. Two differemeasurement resolutions of 2 and
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20 um were used for QEMSCAN elemental mapping of the entire thin sections (up to 2 mm

from each side).

3.6 Results

3.6.1 RockMagnetism

3.6.1.1 Thermomagneti&periments

Thermomagnetic curves of Hireld magnetisation (Figure3.3Akv) show two significant
changes in magnetisation during cyclic heating of the crinanite sill samples. The first change
occurred between 400 and 500 °C, causing the cooling curve from 500 °C to not overly the
heating curve, perhaps due to alteration associatedh incomplete oxyexsolution and
resulting in the production of a higherflianomagnetite during heating. A subsequent small
drop in magnetisation occurred at approximately 580 °C, indicating the presence of a small

portion of almost pure magnetite.

3.6.1.2 High TemperatureSusceptibilityexperiments

High temperature susceptibility measurements on one sample from each height through the
crinanite sill show similar patterns in both heating and cooling curves (B@Bév). During
heating, the large drop in agnetisation at around 48CC signifies the Curie temperature has
been met and corresponds with the presence of lowtitithomagnetite (~Tb, i.e.
titanomagnetite with approximately 10%-@ontent) for all samplegAkimoto, 1962) In all
cases, the cooling curves do not follow the same trend as the heating curves, indicating that
heatinginduced alteration occurred. We interpret these results to mean a small amount of
magnetite and a large amount of a-rfiGh titanomagnetite (posibly around &b was
produced during heating, however some of the original lowitihomagnetite remained

(Figure3.3Btiv).
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Figure 3.3 Graphs showing data from (A) cyclic thermomagnetization, (B) |
temperature susceptibility and (C) threeomponent thermal demagnetizatiol
experiments for identification of magnetic carriers at select heights through the crini
sill (see Table 2): (i) 6 m (the upper contact, sample®Db (ii) 4.5 m (sample 4.533),
(i) 3.5 m (sample 3.583), and i) 0 m (the lower contact, sample 0-G). In (A,B) the
red curves are heating measurements and blue curves are cooling measurei
Background colars in (B,C) represent the two AMS and four AARM groups.

3.6.1.3 LowrieExperiments

Results from the modified Lave test show that the strongest components are in the 0.4 T
range with gradually decreasing unblocking temperatures to a maximum of 580 °C (Figure
3.3Ciiv), which is indicative of a range oftifanomagnetite compositions. There is also a

decrease in th relative proportion of the 0.02 T signal compared to the 0.4 T signal with
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increasing height through the sill (FiguB3Ctiv). This indicates a fining of the grain size due

to a decrease in the amount of a softer, more mdibimain phase being deteateby the 0.02

T strength signal. The unblocking temperature also increases frorB BB at the margins

of the sill to 588600 Ctowards the centre of the sill (FiguB4a), which possibly relates to

the longer cooling time away from the margins allogvioxyexsolution to progress further.

The fining of the grain size with increased height through the sill can also be seen in a Day
plot (Day, Fuller, & Schmidt, 197Where all samples fall within the VS region, but the
samples at &0 cm heights plot cker to the MD region (Figurg4b) and the rest of the
samples cluster towards lower Bcr/Bc values and slightly higher Mrs/Ms values (where Bcr is
coercivity of remanence, Bc is bulk coercivity, Mrs is the remanent magnetic saturation and
Ms is magnetic garation). Overall, the thermomagnetic results and Lowie experiments
produce a consistent signal of a mixture of MD to SD titanomagnetite that is the dominant

source of the rock magnetic signals.
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Figure3.4 Graphs showing results from experimentsdenitify the magnetic carriers an
their domain states at each 0.5 m height across the crinanite sill thickness. (A) Unbl
temperatures against height, obtained from three component demagnetiza
experiments (modified Lowrie method), where the vattitashed line separates the AV
groupings, and (B) Day plot showing sirdtemain (SD), vortestate (VS) and mudi
domain (MD) states, where Bcr/Bc is coercivity of remanence relative to bulk coe
and MrsMs is the remanent magnetic saturation rél@ to magnetic saturation
calculated from hysteresis experimenkis both plots, circles indicate AMS group A ¢
squares indicate AMS group B, and the adondicate the 4 AARM groupingntified

from ellipsoid orientations iRigure 3.6.

3.6.2 Anisotropy of Magnetic Susceptibility

To visualise the AMS fabrics across the thickness of the crinanite sill a series of equal area
diagrams are plotted, first presenting all of the measurements together to identify overall
AMS patterns (Figurg.5a). The combined measurements of all 147 specimens from the sill

show an oblate AMS fabric, with the melnaxis showing a shallow inclination to the north
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Chapter 3: The origin and evolution of magnetic fabrics in a mafic sill

east (Figure8.5a). The overall mealg axis is almost vertical. Combining all data together
allows for a general fabric to be observed, however, there is a lot of scatter evident across
the individual specimens, as observed in the wide 95% confidence angles for each axes of
ellipsoid, e.g. meal; orientation of 44.7% 46.5° declination with an inidation of 6.9°

21.5° (see Tabla.3).

Figure3.5 Equal area plots of data from all specimens for both (A) AMS data (N =
and (B) AARM data (N = 137) with (Bi) representing data for all axes and (Bii) sho
contour plot of K1 axes. K1 axes are blue squares, K2 axes are green triangles and
are purple circles. Solid lines are the 95% confidence ellipses calculated by Anis
Solid black line represents the sill plane and the dashed black line represents the mi
foliation plane.

Equal area diagrams displaying the data separated th&ir respective heights shows
distinct variations in AMS fabrics across the crinanite sill thickness (H@ae The mean
orientation of the tensors varies with height, with ti axis in a broadly 1$ orientation at

the bottom contact, rotating to &NESW orientation between 0.5 and 5.0 metres in height,
and rotating back to a 1$ orientation at 5.%.0 metre heights (Figurg.6a). The mears

short axis is close to perpendicular to the sill plane, except between 3.0 and 4.5 m where
they are inclinedo either the southeast or southwest. At the 4.04.5 m heights, there is a
large amount of scatter in the data, resulting in ellipsoids with wide ranging 95% confidence
angles e.g. at 4.0 m thg axis has a declination of 405%0.9 and an inclinatn of 27.2 +

34.3 (se€eTable 33). A small increase i, from 9.43 x 16 to 1.5 x 1& is observed from 0

to 1.0 m, after which<, becomes more constant with a peak in mean susceptibility of 1.77 x
102 occurring at 3.5 m height (FiguBe7Ai). Both mgnetic lineation and magnetic foliation

are characterised by mean variations in axis length of <1 and <1.25% respectively (Figures

lower margin the AMS folian dips slightly towards the north (similarly to tKeaxis). We
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interpret this dip to be the result of an imbrication process that has developed during magma
flow. This imbrication towards the south therefore reflect the flow direction being to the
south at the time of solidification. Its location at the sill margiggests this was the initial
propagation direction of the growing sill. The other location where the AMS foliations are
not aligned with the sill plane are between 3.0 and 4.5 heights, where the ellipsoids have
rotated around either the4; (3-3.5 m) orkK; (4-4.5 m) axes, by approximately 50° and 60°
respectively. Low degrees of anisotropy (medrvalues less than 2%) indicate that the
ellipsoid shapes are close to spherical (Fiivéiv) suggesting a near uniform orientation

of the larger MD magnetic mimals. The shape of the ellipsoid tensors (shown mostly by
variations in the mean shape (Figl8&Av) varies across the sill thickness in an irregular and

oscillatory manner.

Collectively the results suggest the AMS fabrics can be separated into two groups based only
on the orientation of the ellipsoids, as the other parameters (L,;,FT)Pshow oscillatory
trends throughout the sill thickness and as such cross the identfi@ap boundaries. Group

A fabrics (orange vertical bars in FigBreA) are characterised by the melnaxes that are
trending in a NS orientation with the meakRs axes perpendicular to the sill plane. It occurs

at the lower sill margin (0 m) where it otacts the underlying picrite sill and the upper sill
margin (5.56 m) where the sill it in contact with the overlying country rock. The thickness of
the Group A fabrics is asymmetric, being <0.5 m thick at the lower contact (only evident in
the 0 m heightsample) and <1.5 m thick at the upper contact (evident in the 5.5 mand 6 m
height samples). Group B fabrics (green vertical bar in F&j6i#§ are characterised by the
meanK; axis trending in a NEW orientation, with the mea#s axis still vertical bt with
variations of inclinations towards the SE and SW (e.g. at 3.5 and 4.0 m respectively). It occurs

across the whole of the sill interior (0¢&b m).
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Table 33: Table showing the location and heights of thin sections for petrology
the number of cores collected for magnetic anisotropy studies. The numb
specimens cut from the cores is also shown; *represents heights where on
specimen was used for AARM analysis.

AMS
Number of . e o
Height Specimens| kj/1 Declination Inclination ko/1 Declination Inclination ka/1 Declination Inclination
Overall 147 1.003 447+465 6.9+215| 1.001 313.2+46.3 11.7+30.2| 0.996 164.4+309 76.4+21.2
0.0 13 1.007 355.7+31.8 19.3+ 7.6| 1.002 86.6+31.6 2.4+138| 0.991 183.3+14.8 705+ 8.7
0.5 12 1.004 2348+11.2 7.3+ 59| 0.999 3249+21.1 0.2+ 85| 0.996 56.8+20.8 827+ 85
1.0 11 1.003 2352+449 21+123]| 1.002 145.0+449 52%13.2| 0.995 347.5+16.0 844+ 84
15 9 1.008 240.7+23.7 9.3+12.8| 1.001 332.1+284 8.0+ 7.5| 0.990 102.1+19.1 77.7+£12.7
2.0 10 1.004 238.8+143 4.7+ 4.8| 0.999 148.0+43.4 9.8+ 9.4 | 0.997 3541+429 79.1+ 49
2.5 10 1.004 230.6+27.5 49+ 7.5| 1.001 321.3+27.4 84+12.0| 0.995 110.7+129 803+ 6.1
3.0 11 1.004 51.3+419 147+ 7.7| 1.002 308.7+42.4 39.9%22.7( 0.994 157.3+25.0 46.4+ 5.6
3.5 11 1.004 57.5+10.0 3.1+ 89| 0.999 323.8+61.5 499+ 95| 0.997 159.1461.6 399+ 94
4.0 12 1.003 40.5+40.9 27.2+34.3| 0.999 309.2+69.0 2.6+39.7| 0.998 214.2+69.0 62.7+32.4
45 12 1.002 83.4+61.2 59.2+43.7| 1.000 336.0+59.6 10.2+36.9| 0.998 240.3+51.7 28.8+29.1
5.0 12 1.003 58.7+51.0 7.5+20.0| 1.001 327.4+51.0 9.9+25.6( 0.996 185.3+26.6 77.6+18.9
55 12 1.003 342.8+359 3.3+11.9( 0.999 77.3+79.2 53.2+18.9| 0.998 250.3+79.1 36.6+11.6
6.0 12 1.005 21.5+14.1 11.8+13.0| 0.999 111.7+159 1.0+ 85| 0.995 206.6+16.9 78.2+ 8.1
AARM
Number of . a o
Height Specimens| ki/1 Declination Inclination ko/1 Declination Inclination ka/1 Declination Inclination
Overall 137 1.014 161.4+52.3 44.7 +30.5| 0.995 255.5+62.3 4.2+51.8| 0.991 349.7+62.1 45.0+30.5
0.0 13 1.021 348.4+59.8 10.6+17.6( 1.005 80.2+61.1 9.6+21.6| 0.974 211.4+444 75.6+19.8
0.5 10 1.021 209.8+14.9 49.1+11.3| 0.991 315.7+58.7 13.4+ 8.8| 0.988 56.3+58.4 37.8%11.6
1.0 10 1.014 190.2+19.9 38.2+11.2| 0.996 329.7+58 44.0+12.1| 0.990 82.1+59.9 215+17.1
15 9 1.030 193.7+ 159 40.6+ 8.4| 0.990 291.9+286 9.5+14.4( 0.980 32.6+28.7 479+ 89
2.0 9 1.012 223.9+40.7 654+ 9.7| 1.001 47.8+41.7 24.5+24.0( 0.987 317.1£26.7 15+ 9.7
25 9 1.022 185.3+14.1 39.5+12.3| 0.995 37.0.+£27.1 45.9+12.8| 0.982 289.4+26.7 16.4+12.7
3.0 11 1.035 182.0+13.0 479+ 6.5 0.992 29+204 421+89 | 0974 2725+204 04109
3.5 10 1.012 208.6 £53.5 49.6 £20.9( 1.001 67.8 £56.4 33.4+24.0| 0.987 323.9+42.0 20.0+22.8
4.0 11 1.020 199.5+28.3 47.7+ 9.5 0.995 308.4+56.9 16.4+23.5| 0.985 515+56.8 37.6* 6.7
4.5 11 1.029 173.3+22.3 46.2+10.3| 0.991 355.3+36.6 43.8+14.4| 0.980 264.4+358 1.0+175
5.0 11 1.028 162.4+252 354+11.9( 0.988 318.7+66.7 52.2+11.8| 0.984 64.0+66.7 11.6+24.1
55 12 1.044 107.3+11.3 33.9% 8.6| 0.986 302.4+19.7 55.1+ 87| 0.971 202.1+20.2 7.1+101
6.0 12 1.049 112.7+16.1 28.1+ 3.4| 0.981 297.1+26.3 61.8+ 55| 0.970 203.6 £ 26.3 1.9+15.3
(o)
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Figure 3.7 Graphs showing (MMS and (B) AARM measurements at specific hei
across the crinanite sill thickness: (i) mean susceptibility Km, (ii) lineation, (iii) foli
(iv) degree of anisotropy Pj, and (v) shape parameter T. In all plots the symbol p«
(square, circle,radiamond) shows the mean measurement, the horizontal error bars <
the 95% confidence intervals, and the crosses show the minimum and maximum vi

3.6.3 Anisotropy of Anhysteretic Remanent Magnetisation

Similarly to the AMS data, to visualise the AARMitabacross the thickness of the sill we
have plotted a series of equal area diagrams, first grouping all the measurements to show
overall patterns, and then plotting separate diagrams at individual heights through the sill to
compare the AARM magnetic fads across the sill thickness. The overall orientation of all
the AARM specimens show a mdaraxis dipping towards the south (blue squares, Figure
3.5Bi). However, within these data there are two distinct populations of ellipsoid long axis:
the first ard larger cluster is dipping towardsSSW, and the second smaller population has
a shallower dip towards the ESE (see contour plot of K1 axes, BigBig. The large amount

of scatter associated with th& and K; ellipsoids has given rise to wide ramgi95%
confidence angles for which most of the populations for these do not residekengean
direction of 255.5% 62.3 declination and 4.22 51.8 inclination (Tabl&.3).
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Similar to the AMS fabric analysis, when the AARM data are separated @todbpective
heights a wider range of fabric groups and trends are observed. Overall, we have identified
four AARM fabric groups. AARM Group 1 is located at the lower margin (0 m), with a mean
Ky axis that shallowly dips 10.6° towards the north (FigBi&B, Table3.3). The confidence
angles are almost horizontal with andK; overlapping. The mealg axis is almost vertical,
75.6° inclination with an overall oblate fabric. Group 2 is the thickest group, occurring
between heights of 08.0 m and ischaracterised by the meak; axes becoming more
inclined towards the NNE (dippingnoderatelyto steeplytowards the SSW) and better
constrained confidence angles (see TaBlg). Compared to AARM fabric Group 1, the
ellipsoid shapes have become-&ixial to prolate with means of 0.1 t®.5 (Figure3.7Bv).
AARM fabric Group 3 is found at the 4.9 m heigpts, where the mean ellipsoid long axes
begin to rotate around the vertical towards the sowhst (Figur&.6B). Finally, AARM fabric
Group 4 is associated with the upper margin region-@g®m), where the mean ellipsold

axes shallowly dips to the ESFigure3.8B), the meark; fabric is horizontal and oriented in

a NNESSW direction.

Across the thickness of the sill some gradual changes in the properties of the AARM fabrics
were observed. The medfem gradually increasefom 2.3 x 10to 5.1 x 10with increased
height from 0 to 3.5 m where it remains constant to the upper margin (Fig§utgi). The
degree of lineation also increases through the sill (Fi@urgii). The foliation at the lower
margin is considerably larger than the rest of the aifl to 1.28 compared with <1.1 (Figure
3.7Biii). The orientation of the AARM foliations varies considerably across the breadth of the
sill. At the lower margin it dips shallowly towards the north and elsewhere it is more steeply
dipping (>40 °) and in amge of directions. It should be noted that the AARM fabrics are
dominated by prolate ellipsoids (overall mean T-026), which suggest that the magnetic
lineation isbetter definedthan magnetic foliation. Like the foliation, the degree of anisotropy
shows an overall increasing trend with increasing distance from the lower contact. An
exception to this occurs at thiewer contact where Hs significantly larger (FiguBe7Biv).
Theellipsoid shapes (T parameter) also become more prolate with increased height through
the sill, with means 0f0.51 and-0.56 at 5.5 m and 6 m, respectively (FigBr&Bv) which is

similar to lineation (Figur8.7Bii).

3.6.4 Composition anéPetrographicFabrics
The overall mineralogy of the crinanite sill consists of plagioclase (50%), olivine (3%), chlorite
(12-13%), augite (189%), other pyroxenes (~1%), amphiboles3¥6) oxides (~2%)and

other mineralg(up to 8%)f which ~1% consists zeolitéacluding an&cime). Thevariations
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observed occur at different heights across the sill (Figu8¢ Postsolidification alteration
caused chlorite to form from olivine and amphiboles to form from pyroxene. The original
mineralogy and their proportions were thereforalivine (15% bottom, 15% middle and 16%
top), pyroxene (26% bottom, 28% middle and 24% top) plagioclase (50+1%) and oxide
minerals (~2%) (Figurg8D). These proportions of olivine indicate that the sill lithology
straddles the boundary between crinanind picrodolerite compositions based on the
classification of Gibb and Henders(t984) However, in this paper we will refer to it as
crinanite for ease of comparison with other studies in the geeg. Gibson and Jones, 1991,

Nicoli et al., 2018)

Mineral textures across the crinanite sill reveal structures than enable the crystallisation
sequence to be determined. The plagioclase is euhedral to subhedral and appears as two
populations: the first group is present as stellate clusters (individuatadsyto up 4 mm, e.g.
Figure3.9A) and the second group comprises small individual crystals (average 0.5 mm
diameter). Olivine also occurs as two populations, both of which have been partially altered
to chlorite; the first as rare euhedral phenocrystp (o 2.5 mm, Figur8.9B) and the second

as subhedral to anhedral crystals (average of 1 mm diameter). The oxide phases
(titanomagnetitesand ilmenites) have grown both as isolated microcrysfatsn the
crystallising interstitial meland 0.21.3 mm crystl clusters, with the latter comprising
ilmenite cores surrounded by titanomagnetite with exsolution laminae of ilmenite (Figure
3.9C).The larger crystals are located along the edges ofgisting mineral phases, such as
plagioclase¢Figure 3.9AUp to 5 mm sized anhedral pyroxene (augite) oikocrysts ophitically

enclose all other mineral phases.
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Figure 3.8 Three QEMSCALI
images and modal abundanc
estimates of crinanite thin
sections from(A) close to theop
(LMS8), (B) middle (LMS7), and
(C)close to the bttom (LMS6) of
the sill. Black scale barspresent
2 mm, and all scans were made
the same scalenote the variation
in crystal steacross thehree thin
sections (D) The modal
abundances of mineral phases
each sample estimated b
QEMSCAN. Note that (D) green
represents the sum of olivine an
chlarite, as chlorite is interpretec
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Chapter 3: The origin and evolution of magnetic fabrics in a mafic sill

The gabbro lenses within the crinanite sill consisted of similar constituents to the surrounding
crinanite, except for a distinct lack of olivine, and have an irregular interface with the
crinanite. The plagioclases and pyroxenes here were up to 8 mnzen(Bigure3.9D).

Titanomagnetites and ilmenites were also present and were up to 3 mm in size.

Figure3.9 Photomicrographs from optical microscopy viewed with crossed polarized
(A,B,D) and a backscattered electron SEM image (C). (A) A silslitelase (Plg) cryste
from near the top of the sill (sample LMS6 m), with ophitic augite (Aug) an
unclassified oxides (Ox). (B) An olivine phenocryst (Ol) partly altered to chlorite (Ch
the lower margin of the sill (sample LMY (C) Anhenite grain (Ilm) surrounded b
titanomagnetite (TiMag) with exsolution lamellae, sampled from near the base of th
(sample LM$). In the lower right corner, a small-89 sized crystal of interstitial TiMe
can be seen which has crystallized frém interstitial melt. (D) Boundary of the crinani
with a gabbro lens indicated by yellow dashed line, with the left part of the image shc
the gabbro lens (top) and the crinanite in the right part of the image (bottom). The sa
is located near tohe base ofthe crinanite sill (sample LNV&b).In all photomicrographs,
the oxides are located within interstitial spacefien growing alongside prexisting
plagioclase crystals.

3.7 Discussion

We now discuss our results to explore the origin and evolution of magnetic fabrics in sills.
Bringing together our detailed magnetic analysis, we then use basic petrology and apply

thermal modelling and constraints from the literature to synthesise an angshent and
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solidification model for the crinanite sill we studidghropose that this model can be applied

to mafic sills more generally.

3.7.1 Unravelling the magnetic anisotropy

Previous studies of magma flow in intrusions have found key indicators ofdextdlow to

manifest as AMS and AARM signals, with small confidence angles, and the alignment of

phenocrysts, which can be associated with shear that aligns magnetic minerals and tabular

crystals parallel to, or slightly imbricated to, the direction ofMl@e.g. Knight and Walker,

1988; Chadima et al., 2009). In the Inver Tote sill, we identified two groups of AMS fabrics

and four AARM groups (FiguBav n ! 0 Y

with the host rock, AMS Group B in the centegion of the sill, and AARM Group 1 at the

I'a{

D N2 dzLJ

I 4 GKS

arttQ

lower margin of the sill to Group 4 at the top margin. From these fabrics we can unravel the

history of magma emplacement prior to and during solidification in different regions of the

sill.

A AMS groupings AARM groupings
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‘Columnar jointing is
continuous across the
margin into the picrite sill
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Figure3.10 Emplacement model for solidification of the sill inferred from magnetic
petrological fabrics. (A) Solidified crinanite sill showing AMS (Group A and B) and
groupings (Group 1 to 4). Dashed lines signify the approximate heights of the grou
Cdumnar jointing (vertical solid lines) is continuous across the lower margin intc
underlying picrite. (B) Micrscale diagram showing both the larger MD sized partic
growing on the edges of primocrysts that produce the AMS fabrics anemtdlow of

interstitial fluid around plagioclase and olivine primocrysts to produce AARM fabric
Stellate plagioclase crystals and euhedral olivine phenocrysts present within the ir
intruding magma. (D) Schematic diagram showing magma being emplasdedn

Jurassic sedimentary country rocks above and picrite sill below. Propagating solidifi
front from upper and lower margins is asymmetric due to varying host rock temperat
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Chapter 3: The origin and evolution of magnetic fabrics in a mafic sill

The AMS fabrics predominantly originate from larger MD titanomagmetystals, with the
orientation of these crystals providing the orientation of the magnetic susceptibility
ellipsoids. These crystals are inferred to have grown along the edges-ekisteng phases
(Figures 3.9and3.10B), some of which may have beeaeated by flow of the magma under
simple shear conditionge.g. Corregomes et al., 2001)n the margin regions, the location

of AMS Grop A fabrics (Figurd.6A), the AMS foliations have thédr axes orientated in a
NNW to SSE orientation. We interpret the dip in foliation to be an imbrication which has
formed due to magma flow. We therefore infer that the orientation of initial magmev flo
was to the south (Figurd.11A). This is consistent with the orientation of the long axis of
finger-like structures described by Schofield (2009). With increased distance from the margin
regions, ellipsoid orientations and magnetic foliations rotate awebthe vertical to a SYME
orientation, which we infer to indicate reorientation of the magma flow direction during
emplacement (Figur8.11B), as the solidification fronts restricted the flow. The reason for
this change in flow direction is unclear, butriay reflect the orientation of a more regional
flow in a SW to NE directide.g. Liss et al., 20Q4js occurrence is broadly supported by the

direction of stretched vesicles in the sill.

A

Initial propagation of sill fingers
to SSE, recorded at quenched
sill margins

Merging of magma fingers, and
diversion of flow to NE
recorded in sill interior

Figure 3.11 Schematic diagram of initial sill emplacement as magma fingers w
propagated to the SSE (A), which subsequently coalesced with diverted flotiolir
towards the NE (B)
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The AARM fabrics we measured originate from the orientation of SD to VS titanomagnetite
crystals located along the edges of feisting mineral phases and as inclusions within the
augite oikocrystsl suggest the AARM magnetindation, created by the prolate nature of

the ellipsoids, originates from -situ meltpercolation flow and solidification of the
interstitial melt through the interconnected pore spaces of a crystal mush after the sill had
stopped growing (Figurg.10B).At the lower margin the AARM signals are oriented in@ N
direction, representing AARM Group 1. However, in the upper margin region, the signals are
reoriented in an BV orientation (AARM Group 4) with the AARM fabrics in the interior of
the sill separagd into two groupings (2 and 3).

The only height where AMS and AARM signals agree is at the lower margin (O m height) where
both fabrics show a NNW to SSE orientation of the migaaxes, which dips towards the
NNE, a vertical orientation of the meda axes, and an oblate shape (Figu88). These
similarities in orientation of their ellipsoids is characteristic of a normal fabric and occur in
the lower Group A and the Group 1 regions. The normal fabric observed supports the
suggestion of flow towards theouth, and we infer that the AMS and AARM fabrics in this
region both originate from simple shear conditions during progressive solidification of a
flowing magma causing alignment of the magnetic minerals. Both the AMS and AARM
foliation planes and the ngmetic lineation directions are imbricated towards the SSE with

respect to the sill plane, indicating a sense of flow towards the south.

At the contrasting upper margin, the upper part of AMS grouf Aignals are in a8
orientation, however the AARMaup 4K; signals are oriented in an EBENW direction and

this offset is indicative of anomalous fabrics. The AMS signals represent the initial flow
direction and orientation of MD crystals towards the south, however the contrasting AARM
signals, where taK; axes are inclined to the WNW with respect to the sill plane and make
up a larger proportion of the magnetic fabric (Figid8C), suggest reorientation of flow
during crystallisation of the interstitial melt as it flowed through pores in the crystavork,

and so these fabrics likely formed once the sill had ceased propagating. Our interpretation of
magma flow from NNW to SSE direction based on magnetic fabrics is supported by field

observations by Schofie({@009)of similarly oriented fingelike sill morphologies in the area.

Throughout the interior of the sill (0:5.0 m) the magnetic signals varied quite substantially
and have been separated into one group for the AMS but two for AARM. TheKAM8s

are shdbwly dipping and orientated in NEW direction, however the AARK] axes are
inclined towards the BNE (group 2) or are rotating towards the east (group 3). The shape

fabrics also vary between the techniques with AMS being more oblate but AARM appearing
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more tri-axial to prolate. These fabrics are anomalous and can also be interpreted as two
different flow regimes associated with (i) initial emplacement of the sill (orientation of the
AMS signals) and (ii) later crystallisation of the interstitial melie(dation of the AARM
signals), similar to those of inverse fabrics observed in the upper margin region. This indicates
that the flow reoriented to a NiSW direction, with imbrication in the AARM signal compared
with the sill margins suggestive of flow tife interstitial melt to the NNE whilst rising
through the crystal mush. Some shear in the magma may still have been prevalent in order
to cause the observed imbrication. The scatter associated with the AARM group 3 signals
possibly shows the height at wdh the flow of the interstitial melt changed direction and

rotated around towards the W (4-5.0 m).

Our samples were collected from 4 sites across the length of the sill (~45m) in a horizontal
transect aligned approximately N&V and thus approximatehapallel to our inferred initial

sill propagation direction. This provide us an opportunity to assess continuity in fabrics along
the sill length. Our results show good correlation between sites. For example, the magnetic
fabrics from samples collected atObm height (sites 3 and 425 m separation) clustered
together (Figure3.6). In addition, the overall two populations in AARM ellipsoids (Figure
3.5Bii) contain samples from all sites. Overall this suggests we have not identified variations

in flow fabrc along the sill propagation direction.
3.7.2 Crystallisation history

The petrological results from light microscopy, SEM and QEMSCAN analyses suggest that
crystallisation initiated with olivine and plagioclase. The presence of stellate plagioclase
crystals (Figre 3.9A) and the larger euhedral olivine phenocrysts (Fi@88) suggest these

had space to grow unhindered, and so were likely surrounded by melt during crystallisation
(Gibb and Henderson, 1996)he location of these phases in the upper and lower margins
suggests that they were present as phenocrysts in the initially intruding magma (Figure
3.10C). This is similar to the Shiant Isles picrodolerite and crinanitéGiltls and Henderson,

1996; Holness et al., 2017and the Dun Raisburgh crinanite sill of the Isle of $kyeol et

al., 2018)

The mineral textures suggest that small individual plagioclase crystals likely formed later and
in situ once the sill propagation had end@sibb and Henderson, 1996; Holness, 20T4)s

large proportion of plagioclase present (50%) would have acted to creatddacrigstal
network and prevent the flow of magma, as according to the EindRe@iscoe equation a

system becomes locked when up to 40% tabular crystals are prélsejetune and Richet,
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1995) The majority of the olivines then formed in situ from the solidifying interstitial melt.
Nucleation of titanomagnetites and ilmenites within interstitial spademonstrates these

also formed late, using olivine and plagioclase as nucleation sites. The remaining interstitial
melt crystallized to form large augite crystals and complete the ophitic texture (Figike

and B). The lower proportion of augite obsethvia the upper margin may be the result of in

situ differentiation and pore fluid flow of the crystallising interstitial melt away from the
margin(Gibb and Hendersqr2006) These mineral proportion and relationships suggest an
initial emplacement temperature of the intruding crinanite magma of approximately 1180

1200 °QNicoli et al., 2018)

The textural relationship between the magietarriers (titanomagnetites) and the other
mineral phases present can help to infer the origin of the magnetic fabric and the time of its
development. We suggest that the MD titanomagnetites (up to 1.3 mm), that likely provide
the source of the AMS sighaised plagioclase and olivine as nucleation sites and grew from
them into space which allowed them to grow larger becoming MD sized crystals (F@@Qre

and 3.10B). In contrast, SD and VS titanomagnetites (<50 um), that give rise to the AARM
fabrics, hae a more complex origin. Our observations that they appear within the interstitial
spaces between plagioclases and olivines suggest that these smaller titanomagnetites are
associated with crystallisation of the interstitial melt during rsdrcolation fow through

the permeable crystal network and were restricted by the available space (F3gLOB)
(Oppenheimer et al., 2015 he relative decrease in proportion of the softer 0.02T strength
MD phase compared with the stronger 0.4T SD/PSD phase is suggestive of a fining of the
grain size with increased height through the sill, which in turn suggests faster crystallisation

closer to the upper margin compared with the lower margin.
3.7.3 Thermalevolution

The crinanite sill has intruded between an overlying sedimentary rock and an underlying pre
existing picrite sill (Figur8.10D). The thermal evolution of the crinanite sill is strongly
associated with the temperatures of these contrasting host rock layers when the crinanite
sill was initially emplaced and then solidified, and the pattern of columnar jointing can help
to constrain the temperature of the country rock during intrusion. We observe that columnar
jointing in the crinanite rock is closely spaced near the upper margin and widens towards the
base. The columns are also continuous across the lower margin into the piekite (see
Figures3.2B, 3.10A and Gibson and Jones 199Ihermoemechanical jointing experiments
where cylinders of hot rock are cooled from their solidus temperatures to tensile failure, has

shown that columnar jointing in mafic magmas forms during ogolthrough the
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temperature range of 89836 C(Lamur et al., 2018)f we apply this to our study, it suggests
that the columnar joints we observe to span the crinaspterite sill boundary, results in the
interpretation that the two sills cooled as a single unit. Furthermore, the temperature of the
picrite sill must have been above 886. However, as the lower ngin of the crinanite was
chilled against the picrite this shows that there was still a large enough temperature gradient
to quench the intruding magma. The mechanism of heat loss from the intruding basalt to its
surrounding host rocks plays an importanteran controlling the preservation of flow fabrics

during sill growth and solidification.

By assuming that the sill cooled purely by conduction, we calculate that the timescale for

solidification would have been 231 * 40 days, using the equation:
o —. (3.2)

where L is the hatthickness of the sill (3 m) ards thermal diffusivity (4.5 x 10(Hartlieb
et al., 2016)Whereas, the 1D thermal model of Holness e{2012)

T T— p WE i— (33)

wherew is the sill thickness (m) ands the position within the sill, calculates a solidification
time by conduction of 185 + 32 days. Thereforethboconduction models broadly agree on
the timescale of solidification. In both cases the error in solidification time is calculated
assuming 0.5 m of variation in the sill thickness, but uncertainty in the thermal diffusivity of

basaltic magma could poteiaily be a larger contributing factor.

To identify the possibility of cooling by convection, a key dimensionless parameter to

consider is the Rayleigh number:

Yy

Y & (34)

whereg is acceleration due to gravity (9.81 ) is coefficientof thermal expansiorm, @s
the temperature difference between magma and hostk (°C)Lis the characteristic length
(m), L is magma viscosity (Pa s) akis thermal diffusivity (fis). For the crinanite sill we
used;h of 4 x 1@ (Murase and McBirney, 1973)of 3 m (half the sill thickness as cooling
occurs from both marginsj,of 30 Pa §Lesher and Spera, 201&)dk of 4.5 x 167 (Hartlieb
etal., 2016)Fom dve use different values for the upper and lower margins: the tempeeatur
of the Jurassic sedimentary rock is assumed to have beetCZ&ssuming a standard
continental geotherm, e.g. Furlong and Chapman, 20iBerea 890 °C was used as the

temperature of the underlying picrite sill, based on the upper temperature Iljbamur et
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al., 2018) The temperature of the intruding basaltic magma is assumed to have been 1200
°C. Thereforep ¢of the upper and lower contacts was 1175 °C and 310 °C, respectively.
CalculatedRayleigh numbers are therefore Ra = 2.35 %f@0the lower margn and 9.22 x

10° for the upper margin. This suggests cooling by convection occurred during solidification
of the sill, as these values are both larger than the critical value of gFG®&ler, 2004)
Following this result, the time for the onset of convection is thus approximately 5 dayg, usi

the equation:
o - (35)

wherel is the thickness of the thermal boundary layer, calculated to be 0.43 m at the upper
margin (based on the critical Ra of 2772). This indicates that initially the sill would have cooled
by canduction at the margins, but then convection would have had time to develop, and
therefore both conduction and convection were key process occurring during magma

solidification.

These thermal models suggest that the margin regions where the magma washguaen
against the host rock (i.e. the thermal boundary layer) are the only regions where the sill
cooled by conduction, and that the central region of the sill experienced convective flow even
after the sill had stopped its lateral growth. The conductiwelgled regions are those which
then produced the Group A AMS fabrics and the Group 1 and 4 AARM fabrics. At the lower
margin, the rate of heat loss from the magma into the underlying picrite would have been
lower than the upper margin into the country rqatue to smaller temperature differences
with the host rocks. This would therefore produce an asymmetric cooling profile in the
solidifying sill (Figur8.10D). The warm floor of the sill would have acted to slow the inward
propagation of the crystallisath front upwards from the lower margin of the gifigure
3.10C), with the faster cooling front from the upper margin preserving a thicker region where
cooling occurred by conduction (Figus® and3.10D). The presence of gabbro lenses in the
lower portion of the sill, along with coarsening in the grain size efntfagnetic carriers with
increased distance from the upper margin (FigB#C), supports this interpretation of an

asymmetrical cooling history.

Huppert and Spark&l989)developed three classifications for the types of chilled margins
preserved in intrusions and how they form. They define the firsetgb contact to be
dominated by conductive heat flux and the preservation of the chilled margin. The second
margin type is defined as one where conductive heat flux is temporarily overtaken by

outward heat flux causing melting of the margin region but retag to conductive heat flux

80

——
| —



before the chilled contact is melted. This can occur as either convection at the upper margin
or through flowing magma at the lower margin. The third type of margin is where the initial
chilled contact becomes completely meaiteBased on these definitions, we classify the upper
margin of the crinanite sill to be a type one contact, where no melt back has occurred due to
the thick region of the preserved magnetic fabrics. However, the lower contact represents a
type two contactwhere some melting has occurred due to erosion by flowing magma during
emplacement, however not enough to melt the quenched contact region. Quenching of the
magma against the host during initial emplacement and cooling by conduction would have
allowed thepreservation of the direction of flow during initial emplacement. In this sill the

initial flow has been inferred to be from NNW to SSE.

The variations in the temperatures of the host rock have resulted in the calculation of
different thicknesses of the #rmal boundary layer, with the upper layer being 0.43 m thick
compared with the lower layer being thicker at 0.68 m. This has implications for the
preservation of the magnetic fabrics and possibly also petrological (i.e. gravity settling)
fabrics and suggsts that there should be a thicker region of preservation of initial flow at the
lower margin, however this is not the case and as such may be an indicator that erosion of
the thermal boundary layer by flowing magma may have occurred during emplacement.
Thermal erosion of boundary layers has been observed at other locations in the BPIP, i.e. in

the Loch Scridain sill complex, Isle of MHIbiness and Humphreys, 2003)

Within the sill interior, away from the margin regions and outside thiewated thermal
boundary layers, are the areas of the sill that cooled by convection. The low degrees of
anisotropy characterised by the AMS ellipsoids combined with large confidence angles (e.g.
at the 4.5 m height, Figurg6 and Tabl&.3) are indicatre of magnetic carriers that display

a nearuniform orientation. When this is combined with the knowledge that convection
occurred, it suggests that the pexisting phases present prior to crystallisation of the
magnetic carriers may have been given gamn orientation by melt flowing around them
whilst growing within the magma, and hence the magnetic fabric is reflecting the uniform
orientation of these phases and as such, could be used as an indicator of convection in other

studies.

Studies on other imusions(e.g. the Shiant Isles, Holness et al., 20haag identified the so
OFfft SR WalyRgAOK K2NAT 2yQ O6GKS TFAYIf LI NI
and lower boundary solidification fronteeet) to be quite high within the intrusion (c.100

105 m within ¢.135 m thick sill). In contrast, in the Inver Tote sill, we infer this to be lower

down within the intrusion based on the thermal modelling above, suspected asymmetry of
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the thermal profile (Figure 3.10D), and potential thermal erosion of the lower margin

solidification front.
3.7.4 Implications and Limitations of this study

Our study is focused on mafic sills, yet the flow and solidification processes we infer are also
applicable to other magma pes and other intrusion geometries, such as dykes or laccoliths.
The intrusive nature of sills means that the physical, chemical and thermal processes
occurring within the magma cannot be directly observed during emplacement. However,
volcano observatoriesare reliant on interpreting the geophysical signals during
emplacement, e.g. surface deformation and seismicity, that are associated with sill growth
to forecast if, where and when an eruption may occur. We show that the rock record of sills
contains keyinsights to help us interpret the nature of magma flow in active systems, and
the dynamics of magma flow, from initial propagation to solidification, are important for
controlling whether or not magma will erupt. We demonstrate how detailed studies of
volanic plumbing systems need to be an essential part of volcanic studies, and by modelling
magma intrusion processes based on field, petrographic and magnetic observations
collectively, we can inform the development of new and more robust understanding of

magma flow dynamics.

Our study of flow and solidification preserved within the magnetic fabrics of a mafic sill is
exceptionally detailed and demonstrates how a high sample density across the thickness of
intrusions can provide insight to inform our undensténg of magma intrusion. Our
combination of petrographic analysis and two types of magnetic fabric analysis is not
common; however we demonstrate how this combined and multidisciplinary approach
enables the flow of magma during intrusion and the flowrgéistitial melt during post
emplacement solidification can be unravelled. The use of AARM in the interpretation of
magma emplacement processes is novel and has the potential to elucidate a different part
of the magma intrusion and solidification processmpared to other magnetic methods.
AARM enables the interpretation of the signals associated with fine scale flow fabrics that
may not be observed through other means. The only limitation to implementing AARM more
widely to study magma intrusions is that is a relatively timeconsuming technique

compared to AMS and requires equipment less commonly available.

Field studies of intrusions are limited due to the exposures being restricted te two
dimensional sections through the igneous body. Our fagolution sampling strategy was

possible due to both upper and lower margins of the sill being exposed in a quarry so that it
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could be sampled relatively easily. It has allowed us to measure variations in magnetic fabrics

and understand the emplacement and sdicktion of a relatively thin sill. This is a
framework upon which to conduct studies on thicker sills and laccoliths, to investigate how
magnetic and petrological fabrics vary across the breadth of intrusions which may have
undergone a more complex empkoent history and may have been supplied by multiple

pulses of magma. Additionally, we sampled along the axis of one suspected sill finger,
however sampling perpendicular to the flow axis could potentially intersect multiple sill

fingers. This would requéra different field site as such sampling sections are not available at
LY@SNI ¢2GS> odzii 62dzf R LINRBGARS G(GKS 21JLJ2 NI dzy
dimensional internal structure and further improve our model of sill flow and solidification

processes.

3.8 Conclusions

Our analysis of how magnetic fabrics vary across the thickness of a sill from the Little Minch
Sill Complex, Isle of Skye has given new insight into how magma flow and solidification
evolves through time. Our study is one of the firstdpply AARM to understand the
emplacement of a relatively thin sill where the history of emplacement has the potential to
be rather simple, as such emplacement models can be tested by studying small scale
variations in the preserved fabrics across thelsitkness. However, the observations of both
AMS and AARM signals in this study contrast dramatically and provide a new understanding
of how flow through intrusions evolves through time. Variations in AMS and AARM signals
across the breadth of the sill@indicative of complex emplacement processes and cooling
history; AMS fabrics relate to the initial magma flow, and the AARM fabric relates te pore
melt flow of the interstitial liquid through the crystal mush. The underlying picrite sill may
have slowedsolidification at the lower margin of the crinanite sill, assisting in the
development of asymmetry in the rate of solidification from the margins observed in both
the AMS and AARM signals, and may have allowed channelization to develop. From this we
interpret the initial flow direction in the sill at this location on the Isle of Skye, was from the
NNW to SSE as fingers. During emplacement the main flow direction migrated to be from the
SW to NE reflecting the regional flow regime. Calculations of theroahdary layers and
Rayleigh numbers suggest that both conduction and convection occurred during
solidification. The complexities in magnetic fabrics recorded in this mafic sill demonstrate
how magma flow can evolve through time across a thin relativelyplsinintrusion.

Consequently, care needs to be taken when inferring magma flow from AMS as it may not be
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Chapter 3: The origin and evolution of magnetic fabrics in a mafic sill

reliable indicator of complex emplacement histories, as such reassessment of complex

fabrics may be necessary to determine more accurate histories ghradlow.
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Chapterd: Multiple sources of magnetic fabrics in a dyke:

Implications fosyn and postemplacemenprocesses

This manuscripthas beenprepared for submission to the Journ&tudia Geophysica et
Geodetica.Data collection, analysis and writing of the paper was done by myself, with

support from Janine Kavanagh and Andy Biggin. Elliot Wood provided field support.

4.1 Abstract

Dykesare one part ofvolcanic plumbing systemthat form key pathways for the transport

and emplacement of magma within the crudthis study investigatethe syn and post
emplacementprocesses associated with the emplacement of a mafic dyleddworkwas
undertaken on abasaltdyke, a part of the ~59 Ma Skye Dyke Swarm, British and Irish
Palaeogene Igneous Province, which has intruded into Jurassic sedimentary rocks and
Tertiary age mafic sills on the Isle of Skye, Scotland. Using-ddrighy samphg regime)

study the rock magnetic properties and associated anisotropy of magnetic susceptibility
(AMS) and anisotropy of anhysteretic magnetization (AARM) fabrics spanningrdiiles
across thedykethicknessseparatedby 13 malong the dyke strikeThe magnetic fabrics
originate from a mix of two predominant phases: a psesdwledomain pyrrhotite phase,
which dominates the hydrothermally altered margin regions and a rdolthain
titanomagnetite phase, which dominates the unaltered core regiore ®higin of the
titanomagnetites within thedykecorerepresent fabrics associatedth emplacemenof the
magma andsuggest that magma locally flowed laterally along the dyke strike. By contrast,
the pyrrhotites and their associated fabrics observed at the dyke margins originate from a
sulphide rich fluid: the first of multiple post emplacement fluids that flowed tlgtothe area.
Greater amounts of alteration were observed along strike, which can be associated with

more damage of the host rock as the site is close to a branch in the dyke.

4.2 Introduction

Sheet intrusions are a series of magma hosted fractures that propadhways through

GKAOK YIF3AYlF OFly Ff2¢ GKNRIdAK (GKS 9FNIKQa ONJ
type of sheet intrusion and are subvertical (88ip) in orientation, providing key pathways

for magma transport vertically through the crust. Whiykes cluster together, it can lead to

the formation of volcanic complexes or dyke swarffiswnsend et al., 2017PDnly a small

volume of magma<10%) propagates to the surface and eru@fsisp, 1984)as such,
understanding the processes occurring during dyke propagation and emplacement is

necessary for understanding the formation of these structures.
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Dykes are generally associated with mu#iginvironments, which include; volcanoes, in
regions above mantle plumes or where rifting is occurring. Dyke emplacement in these
regions can be separated into two contrasting styles, active and passive. Active emplacement
is associated with magma overpsese causing fracturing of host rock into which the magma
can flow, and the intrusion can propagate. This is common in volcanic settings where there
is increased magma flux to the chamber and observed via inflation of the volcano with a
chance of subsequerfissure eruption, e.g. during the 20005 activity at Piton de la
Fournaise volcano, La Reuni@teltier et al., 2008Passig dyke emplacement occurs where

the crust is either being pulled apart resulting in tensile stresses fracturing crustal material
and creating space into which magma can flow. This can be either in volcanic rift zones that
are gravitationally unstable (e.git KS 9 ad wATi YFigké and Yasksoh,dzS | =
1972) or in areas of crustal extension which can be linked with mantle plumes (e.qg.

MacKenzie Dyke Swarm, CanadasEand Baragar, 1992).

Many studies have focussed on dyke emplacement mechanisms that include observations of
field relationshipge.g. Delaney and Pollard, 1982; Smith, 1987; Kavanagh and Sparks, 2011)
and through geophysical surveys.g. Chadwick et al., 2011; Hjartardéttir et al., 2015)
However, as dyke emplacement occurs in the subsurface, it is very difficult to monitor in real
time, as only the signals observed at the surface such as ground deformation, and seismicity
at depth can be measured during active intrusion, e.g. during the eruption of Bardarbunga,
Iceland in 2014(e.g. Hjartardéttir et al., 2015; Sigmundsson et al., 20MN)merical
modelling (e.g. Gudmundsson et al., 1999; Yamato et al., 2@h2) analogue modelling
techniques(Tibddi et al., 2014; Kavanagh et al., 2018a¢ based orconceptual dyke
emplacement models which are grounded in field and geophysical observahtos of

these studies investigate the mechanics of dyke propagation, however understanding the

processe®ccurring within the flowing magma is also vital.

Multiple structures associated with magma flow have been previously identified in multiple
exposures. These structures include; en echelon segmentégign Schofield et al., 2012b)
ropey flow structurege.g. Liss et al., 2002;¥&mnagh et al., 2018a¥cour markge.g. Smith,
1987; Varga et al., 1998)stretched vesicleqe.g. Coward, 1980)crystal preferred
orientations (e.g. Archanjo and Launeau, 20@&)d magnetic fabrics (both anisotropy of
magnetic susceptibility, AMS, and anisotropy of anhysteretic remanent magnetisation,
AARM)(e.g. Knight and Walker, 1988allot et al., 2001; Chadima et al., 2Q0Rdpey flow
structures and scour marks are only preserved in exceptional circumst@nge¥arga et al.,

1998; Kavanagh et al., 201&e)such there is the need to study the microscale crystal, vesicle
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and magnetic fabricsDyke contact regions where chilled margins are present record a
history of initial magma flowywhereasthe central regions of intrusions may preserve records
of later stage flow reorientatioyreactivationor channelizatior{e.g. Platten and Watterson,
1987; Holness and Humphreys, 2008) common assumption is that the predominant
magma flow is vertical, however field eviden@eg. Poland et al., 2004; Kavanagh et al.,
2018a)andrecent analogue modellinge.g. Kavanagh et al., 2018a)ggest lateral flow is
commonnot only in dykes but alsother subvertical to inclined sheet intrusion®lagee,
2011) As such, understanding how magma flaatbfics vary across the breadth of intrusions

is vital for determining more complete magma flow histories.

Rock magnetism and magnetic anisotropy are uaetbssmultiple fields of geologys
records for understandng rock histories from determining rockages to identifying
depositional, tectonic osyn and postemplacementprocessesusing the properties of the
magnetic mineralpresent (Blundell, 1957; Raposo arietnesto, 1995; Tauxe, 2010)n
magmatic intrusions, rock magnetic techniques have been used to study models of
emplacement and magma flow trajectories within plutqiesg. Olazabal et al., 1999; Selkin

et al., 2014) dykes(e.g. Knight and Walker, 1988; Staudigel et &921 Varga et al., 1998;
Clemente et al., 2007; Chadima et al., 20@8) sills(e.g. Hrouda et al., 2015; Zavada et al.,
2017; Martin et al., 2019and to infer the intrusion source locatis(e.g. Poland et al., 2004;
hQ5NAaoO2tf SG It ®d®X Hnnco

This study investigates how magnetic fabrics vary across basaltic, dhykesidying a-2m
thick basaltic dyke from the Isle of Skye, Scotlabhkbsely spacedamples, at 225cm
separationacross the dyke thickness, were collected from two transéet8 m apartyfor
AMS and AARM analyses, to obtain a detailed understanding of the syatiability of
magnetic fabrics in dykes and their origins. The observed fabrics were interpreted in the
context of fieldbased structural data and simple petrological analyses to understand how

syn and postemplacement histories can be recorded in sdiédi mafic dykes.

4.3 Geological Setting: Dykes of the Skye Dyke Swarm

In order to investigate how magnetic fabrics vary across the length and breadth of a dyke and
to understand the evolution of magma emplacement during the active lifetime of a dyke, a
well exposed dyke where both margins were easily accessible was requivedhosen dyke
would also benefit from having a well constrained tectonic history with no known tectonic
overprinting events to simplify the analysi$e Isle of Skye has been intrudgdtbe ~58 Ma

Skye Dyke Swarm (SDS) (Figuneabl has been the focus of multiple studies for magnetic
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(HerreroBervera et al., 2001), petrological and geochemical studies (e.g. Platten and
Watterson, 1987; Hughes et al., 2015). As such it provides thesarp background
knowledge and opportunity for such a detailed study to be conducted and enhance the

current understanding of the role of dyking in this region during the Palaeogene.

The Trotternish Peninsula is located in the North of the Isle of Sigre€M.1A), and consists

of a series of layered Middle Jurassic age (~168 Ma) sandstones and mudstones (Hudson and
Trewin, 2002) overlain by the Skye Lava Group (~60 Ma) which is predominantly of basaltic
composition (Hudson and Trewin, 2002; Emeleus d&wll, 2005). Postdating the
emplacement of the lavas are a series of mafic sills of the Little Minch Sill Complex (LMSC),
which intrude the Jurassic sedimentary rocks (Gibb and Gibson, 1989; Gibson and Jones,
1991; Schofield, 2009). Cutting through theliseentary and igneous rocks are a series of
basaltic dykes from the SDS and form part of the North Britain Palaeogene Dyke Suite
(Emeleus and Bell, 2005; Hughes et al., 2015). The dykes have a general strikBof Bivth

the LMSC and the SDS form a drthe British and Irish Palaeogene Igneous Province.

Structural mapping and sampling for petrological and rock magnetic analyses were
undertaken at Inver Tote quarry, Trotternish (NG 51863 60609), which is an abandoned
quarry with easy access for samplifFigure 4.1B). Here two stacked sills of picrite (lower)
and crinanite (upper) composition (Figure 4.2A) from the LMSC, shallowly dip westwards,
with a pegmatitic gabbro vein cutting through the picrite. Cross cutting the sills within the
quarry are twoNNWSSE striking basaltic dykes from the SDS, following a similar orientation
to faults in the surrounding area. In a gully to the east of the quarry a third dyke crops out
(Figure 4.1B).

The western dyke had an average thickness of 0.4 m, with crygtaéslumm in size and no
observed phenocrysts. On both margins, ropey structures appear on the contact surfaces
with the sill host material. The ropes on the eastern margin of this dyke were curvate shaped
and as such inferring an initial flow directionrfzmntally towards the north (see Figure 7a in

Kavanagh et al., 2018).

The eastern dyke (Figure 4.1B) ranges in thickness between 1.7 and 2 m and its strike ranges
from 120¢ 170 ° in different exposed sections across the quarry floor (Figure 4.1B). Where
the dyke is exposed in the quarry wall (Figure 4.2B), centimetre digezlets with calcite

filled crack tips, are present within fractures in the sill host rock located to the eastern side
of the dyke (Figure 4.2C). The origin of the fractures are related to both columnar jointing

within the sill host material, and the damga zone surrounding the dyke. This study focusses
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Chapter 4: Multiple sources of magnetic fabrics in a nhfie

on 2 locations from this dyke which were located 13 m apart towards the north end of the
outcrop in both the quarry wall (G5) and floor (G6) (Figures 4.1B and 4.2A). Alteration of the
outer portions of thedyke is evident from the orange colouration of the face compared with
the inner dyke core (Figure 4.2AidaBi),with alteration of the dyke at site G6 also evident
asred discolouraibn (Figure 4.20). This dyke provided the most opportunity for study and

sampling due to its thickness and exposure

A § 120900 140?00 160:)00 180}700 S
(=
8 8
@© @©
g oy
8 [ Trotternish Sills
2 [ ] Skye Lava Group
o
§ [l Black Cuiliin Hills Gabbro
Il Red Cuillin Hills Granite
g [ ] Pre-Tertiary Rocks
8 Skye Dyke Swarm
* Inver Tote Quarry
i
B

Legend
\ Basaltic dykes

®  Intermittent
® dyke exposure

B8] crinanite sit

A Fault - unknown
% displacement

\ Quarry face

\ Contact seen

‘<. Contact inferred

o5

Rock magnetic
sampling site

151900 152000

Figure 4.1A) Simplified geological map of the Isle of Skye showing main groups of
(simplified from BGS, 2008; adapted from Martin et al., 20T8® main portion of the
Skye Dyke Swarm aitd general orientation is defined by the grelines and Inver Tote
quarry is identified by red staCoordinates refer to the British National Gri@)
Geological map ahe dykes sampled at thdisused quarry near Inver Tote, Isle of Sk
ScotlandJurassic sedimentary rocks (JS, yellow) are intruded by Tertiary age mafic
crinanite (CS) and picrite (PS) composition (Qre€noss cutting the area are thre
basaltic dykes (B3, red). The southern portion of D1 has infrequent exposure in
quarry floor as it is obscured by rublfits approximate location is indicated by the re
dashed line)Locations of magnetic sampling sites are marked G5 and G6 in the
end of the quarry.
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Chapter 4: Multiple sources of magnetic fabrics in a nhfie

Figure4.2: Field photographs (i) and diagrams (ii)siifs and a dyke that crop out in
qguarry near Inver Tote, Isle of Skye. A) Photograph showing the intrusions that crop
the quarry. These are a crinanite sill, picrite sill, basaltic dyke and a pegmatitic gabbr«
Red box indicates the extenf 8. The yellow line represents the location of Transect
and the blue line above the sample for Trans&and CB) Photograph showing a sectic
of the whole thickness of the dyke at site G5. Photograph also shows the core locati
the sampling rgime implemented for rock magnetic studies, with red dashed lines ir
connecting samples from the same locations. Green box in upper right shows the lo
of C. C) Photograph showing small dykelets (light grey) in picrite host rock (white’
assaiated crack tip filled with calcite (medium grey) to the east of the main dyke (g
box in B). The dykelet has two sections with rounded tips above and below. In the 1|
part of the photo a complex dykelet can be observed in the upper surface oldbk.D)
Photograph showing a section of the dyke at si&@ Bhotograph also shows the cor
locations of the sampling regime implemented for rock magnetic studies, with red da
lines in (ii) connecting samples from the same locatiblwte the difference in orientation
of this photograph.

4.4  Methodology

4.4.1 Sampling Regime

Fifty-two 2 cm diameter cores, up to 10 cm long, were collected at 25 cm intervals across the
breadth of the dyke from 2 sample sites &Bapart (G55 in Figure 4.1B). Tledres were
drilled using Stihl BT45 motor driven core dsilth a diamond encrusted steel drill biix

cores were collected from the internal parts of the dylacétions 28) andfive cores were

collected from each margin (Figure 4.2B, Table 4.1p<foom site G5 were oriented in situ
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using both sun and magnetic compasses, however, the cores from G6 were oriented using a
magnetic compass only due to the weather being overcast during extraction. A correction
factor of +14 the mean difference betweethe magnetic and sun compass orientations of
cores from site G5, was applied to the magnetic orientations of site G6. Additionally, oriented
hand sized samples were collected at 50 cm intervals across the dyke thickness forming a thin
section transect aoss the thickness (Transect yellow line in Figure 2AiiA larger block

was collected from the western margin for a series of 15 cm long continuous thin section
transects (TransesB and § to be made from the margin into the dyke interior (Table, 4.1
blue line in Figure 2Aiiln the laboratory, cores were sliced into 2.2 cm long specimens with
each core producing one to three specimens, yielding 96 specimens irMaisges from the
offcuts of one core from each location wesrished in a@eramicpeste and mortar andised

for rock magnetic measurements to identify the magnetic carriers.

Table 4.1:Tableshowing thelocation numbers andistances from the Western margi
(see Figure 4.1B and DJ specimens andhin sections formagnetic anisotopy and
petrologystudies respectivel§The sample numbers for thin sections represent distar
from the East margifor Transect A**8 thin sections were made in total from block L-M
4a; h represents horizontally oriented trans€€ransect B)v repreents a vertically
oriented transec{Transect Cand p is a thin section parallel to the dyke plane.

Location G5 G6 Thin

number  Distance Specimens Yecimens Distance  Specimens Specimens ~ Sections
fromwest  for AMS  for AARM fromwest  for AMS for AARM (collected at

margin (m) margin (m) G5)
1 0 6 6 0 4 3 LMS4a
(h1-4, v1-3,
p)**
2 0.25 5 6 0.2 6 6 -
3 0.50 5 4 0.43 6 5 LMS20-
1.5m*
4 0.75 6 6 0.70 6 4 -
5 1.00 6 6 0.97 6 5 LMS20-1m*
6 1.25 7 6 1.12 6 6 -
7 1.50 6 6 1.36 6 6 LMS20-
0.5m*
8 1.75 7 6 1.50 6 5 -
9 2.00 7 7 1.70 3 2 LMS20-0m

*

4.4.2 Petrological Analyses
Petrographic analyses were undertaken to aid in the identification and characterisation of
the petrological constituents and textures of the dyke anduapport the findings of the rock

magnetic and magnetic anisotropy studi€svesamplesfrom 50 cm distances across the
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dyke thickness (Transect A) and 8 samples from near the Western margin (Ts&@wedtiC
Table4.1). The fivehin sectiors collectedrom TransectA weretaken from oriented block
samplesseparated byb0 cm intervals using multiple strike/dip measurements, whereas the
Transect Band Cthin sectionswere taken from a single blockdahwas only oriented with up
arrowsproviding four samples from a horizontally oriented transé8} three samples from

a vertically oriented transectC)and one sample parallel to the dyke plandicro-scale
imaging was undertaken using a Meiji TM3000 benchtop scanning electron microscope with

aW-filament and a beam current of 15 kV.

4.4.3 Characterizing the Magnetic Carriers

Vital to magnetic studies is the characterization of the magnetic carriers that give rise to the
observed AMS and AARM fabrics of the studied rock units. Identification of theetiag
carriers in the basaltic dyke at Inver Tote quarry was undertaken on samples collected at 25
cm intervals across the dyke width at site G5. Three sets of experiments were used to
characterize the magnetic fabrics: (1) muéchnique analysis of isbérmal remanent
magnetisation (IRM), backfield demagnetisation, hysteresis, high temperature variation of
spontaneous magnetisation using a variable field translation balance (VFTB), (2) high
temperature susceptibility using an MRRA1Kappabridge, and (8)ree component thermal
demagnetization using a method similar to that of Lowi®90)and a combination of a
furnace and JBA spinner magnetometer. These three methods are describatktail in

Martin et al.(2019)

The VFTB uses 150 rmafyground rock powder taneasure the IRM and backfield curves,
hysteresis loops, and higlmperature variation of spontaneous magnetisatiénrock chip

is taken fromthe offcut section of thecore, crushed using@estleand mortar andfrom this
150mgof the powder is then measured out and placed into the sample hdidére being
placed into the VFTBTheseresults help to identify specific properties of the magnetic
carriers, which are an indicator of the mineralogies giving rise to the observedetiagn
fabrics. The IRM was measured in zero field after applying a stepwise DC magnetic field, up
to +800 mT. Backfield measurements were performed in the same fashion as the IRM in an
opposing field of up to800 mT. Hysteresis was measured during the iappbn of an
increasing positive field to 1000 mT, which was then removed and inverted before being
returned to the original field. Finally, to determine the Curie temperature of the magnetic
minerals present, the samples were placed in a 240 mT fielcdhaatkd from 50C to 700C

in 100°C steps, starting from 20C. The data was analysed using RockMagAnalyzer 1.0
software(Leonhardt, 2006)
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High temperature susceptibility measurentsrwere made on a MFKA Kappabridge from

AGICO (Advanced Geoscience Instruments Company). For these experiments, freshly crushed

rock samples were heated in an Argon environment frorf€30 700C and then cooled back

to 400°C whilst the bulk magnetic stesptibility was measuredvery 510 secondsThis data

ga yrteaSR dzaAy3 (ChddinhaddHrdudaNBIZ) fy a2F ol NB

Threecomponent IRM thermal demagnetization experimentgLowrie, 1990) were
performed onone G5 specimen from each position acrossttiekness of D1These samples
underwent a complete AF demagnetization before havihgee different decreasing
strength bias fields applied to them three orthogonal directions. The fields used were: x
axis of 1.2 T,-axis of 0.4 T andaxis of 0.02 T. These fielttengths are different to those

set out by Lowrie (1990) as those used in this study were the limits of the pulse magnetisers
available however, they also coincide with the coercivities of minerals being targeted, i.e.
titanomagnetited M1 Q& Y ¢ T  H QRS ALISENSNEK 2 i db yi i QovaBLY £ i 2 = M mahy
Each specimen was then heated and cooled to a maximum 6€6R0steps of 2C to 50C,
measuring in an AGICO-GR spinnemagnetometer and the Rema6 softwaf€hadima et

al., 2018b)fter each heating step. This suite of experiments was performed after AMS and
AARM analyses as the heating of the specimens caused alteration, changing thetimmag

properties.

4.4.4 Magnetic Anisotropy Studies
The rock samples were studied both for their anisotropy of magnetic susceptibility (AMS) and
anisotropy of anhysteretic remanent magnetisation (AARM) to understand the predominant

crystal orientations of the magnetic minerals present.

Magnetic susceptility is a measure of how easily a sample can takéndacedmagnetic

field and is affected by the properties of all the magnetic minerals present within a sample,
i.e. domain state, size, strength and their orientatigdhan, 1962) AMS is then the
directionaldependent response of the constituerd§the sample to the applied fielgknight

and Walker, 1988; Raposo and Ernesto, 198B)gnetic susceptibilityk) isdefinedasK =

Mi/H whereM; is the degree of induced magnetization arddk the strength of the magnetic
field. It is charactrised by a second order ellipsd&hsorwith three principle eigenvectors:

Ki, K» and Kz, where K; is the longest axi% is the intermediate axis ankk is the shortest
axis(Knight and Walker, 1988Figure4.3A). Stronger AMS signals result from more multi
domain sized crystals (> 5fn), with certain ferromagnetic minerals (e.g. magnetite) tending

to dominate susceptibility measurements.g. Hargraves et al., 199The ratis between
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Chapter 4: Multiple sources of magnetic fabrics in a nthfle

the tensor ais magnitudesresult ina range of ellipsoid shapespheroidal, oblate, prolate
and triaxial(Tauxe, 2010)The spheroidal ellipsoid kéttle to no variation in thetensor axis
magnitudesas suchK; =K, =Ks. The oblate ellipsoid describeamplesvhere theks axis is
smaller than the similar sizdd andK; axes (K1 = K: > K3) and is known as magnetic foliation
(Table 4.2)The prolate ellipsoid is where th@ axis idarger than tte similar sized andKs
axis (K1 > Kz = Kg), also known as magnetic lineatig@eoffroy et al.,, 2002)The triaxial

ellipsoid is where each axis has a different magnitider K> > Ks).
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Figure 4.3Vlagnetic anisotropy tensors and the relationship to crystal fabrics and (
planes. A) the relationship of the orientation of AMS ellipsoid tensor to-durtiain

and singledomain crystals, B) an example of a normal fabric where the AMSllj|
orientation is parallel to the long axis of tabular crystals and the dyke plane, (
example inverse fabrics where the Aklipsoid is perpendicular to the dyke plar
When MD crystals are dominant, AMS and AARM axes align, whereas when SD
are, AMS and AARM are inverted.

Some studies have used AARM in addition to AMS to study the magnetic fabrics of intrusions
(e.g. Chadima et al., 2008priano et al., 2016; Martin et al., 201BARM identifies the
fabrics that originate from magnetic remanence carrying minerals that are single domain (SD)
to vortex-state (VS) in sizdlcCabe et al., 1985; Jackson, 19%3also utilizes a secoratder
ellipsoid tensorwith similar properties to AMS (Table2), however it is defing by Kem

instead ofK, and is calculated by averaging the magnitudes of the AARM tensor axes.
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Table 4.2: Anisotropy parameters used by Anisoft software and can be four
Jelinek (1981)..Kk and K are principal susceptibility axes, with ' > and' 3 being
their natural logarithms with = ( 1 +' 2 +"' 3)/3.

Parameter Solution
Mean Susceptibility Kmn (KitKatKs)/3
Lineation L Ki/ Ko
Foliation F Ko/ Ka
Corrected degree of R Qo - - - _ —  _
anisotropy
Shape parameter T (2 2¢"1¢"3) /(1€ 3)
Remanence Kem  (KitKotKs)/3

When the magnitudes and orientations of the ellipsoids have been identified and compared
with macroscale and microscale structures, the-symd post emplacement processes that
created the solidified magma bodies exposed through erosion can be deterif@rged/arga

et al., 1998; Liss et al., 2002; Clemente et al., 2007; Chadima et al., 2009; Hrouda et al., 2015)
AMS is the most common of the magnetic fabrics utilized here to understand dyke
emplacement processgg.g. Knight and Walker, 1988; Staudigedle, 1992; Poland et al.,
2004; Roni et al., 2014however AARM represents a powerful additional t@g. Chadima

et al., 2009; Silva et al., 2010; Soriano et al., 200Mben the AMS;axis is perpendiculaot

the dyke plane,Hisis known as aormalmagneticfabric(Figure 4.3B; Rochette et al., 1992;
Chadima et al., 2009nd can be used in collaboration with indicators of magmatic lineation
(from macro and micrecale structures), to infer the nganaflow axis (Figure .8B). Near to
intrusion margins, AMS fabrics are often imbricatedh respectto the intrusionplane
(Knight and Walker, 1988; Rochette et al., 198Rjch can enable the true magma flow
direction to be determined as the direction of imbricatidnverse fabriceccurwhenthe Ks
axisis aligned with crystal long axesd K; is perpendicular to the intrusion plane (Figure
4.30 (Rochette et al., 1992; Chadima et al., 20@®jomalous fabrics have been identified
where the AMS and AARM ellipsoid axes are oblique to each other and have been attributed
to a range of hybrid fabrics resulting fromultiple mineral phases and domain sta{Bstter

and Stephenson, 1988; Soriano et al., 20&her processes have also been attributed to
the development of anomalous fabrics, including;-sympostemplacement shear along the
crack(Dragoni et al., 1997; Clemente et al., 2Q@d)eration(Rochette et al., 1991; Just et
al., 2004; Just and Kontny, 2012poling contractiorfHrouda et al., 2015)r different flow
regimes occurring during the different process of magma emplacement and solidification

(Martin et al., 2019)
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AMS analyses were conducted on a MiAKKappabridge from AGDAising an applied field

of 200 A m and a frequency of 967 Havhere each specimen was sequentially rotated

around 3 axes whilst an induced magnetic field was applied to the specimen. Measiireme

YR LINRPOSaaAyad 2F (KS &adzaOSLIWiAoAfAGE RdzNAy 3
Safyre7 software(Chadima et al.,, 2018c)Processing of the AM$&nsor data was

Fdzi 2 Yl GAOFffe& O2YLX SGSR (Gradimalud/Ji@l 200Hhé &4 2 TG n
software uses Jelinek statisticBaple4.2) (Jelinek, 1977, 1981yith susceptibilities accurate

to within 1% error.

Measurement of AARM was conducted using multiple pieces of equipment that include; a
JR6A dual speed spinner magnetometer, a LDAS alternating (/) demagnetiser and a

PAM1 anhysteretic pulse magnetiser from AGICO. The natural remanent magnetization
(NRM) of each specimen was initially measured in th@AIBpinner magnetometer, before
undergoing demagnetization and subsequent remagnetization d@ifférent orientations,

using the LDA5 and PAM1 equipment respectively. The Rema6 software was used to control
the JR6A and measure the magnetisation of the specimens. The AARM ellipsoids were
adzoaSlidsSyidte IylrfeaSR dzaAy3 ! DL/ hQa !'yAraz7Ti

45 Resllts

4.5.1 Petrology

Thedyke is a fineggrained basalt with a-2% population of plagioclase phenocrysts near to

the margins that are up to 1 mm in size. Rare crystals of pyrite were also present. Vesicles
increased in size from <0.1 mm close to thargins to > 10mm with greaterdistanceaway

from the margingFigure 4.4A). Small rounded blebs of fine grained mudrock xenoliths were
found ~5 mm from the West margin, in thin section LM&par (Figure 4.4B). Under SEM

EDS, iron sulphides were fountbrag and within 0.5 mm of fractures perpendicular to the
dyke plane (Figure 4.4A and C). These sulphides were also present in some of the surrounding
vesicles (Figure 4.4A and C), some of which show idiomorphic crystal shapes suggesting
growth from the ouside in. In some samplesubic sulphide crystals were identified,
however did not appear related to vesicles, suggesting basalt replacement. Calcite was
present in any remaining voids, both within fractures in the host rock surrounding the dyke
(Figure 43C) and also within vesicles (Figure 4Np. oxides(i.e. titanomagnetites)vere

observed in the margin regions of thgke.
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Zone of little
sulphide precipitation

0 mm to Dyké Margin

vel  Zone of sulphide 1
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Figure 4.4Photomicrographs of samples from optical microscopwetkin plane
polarized light (A, B) and a backscattered electron-&BI8 (C.i) with element may
for Fe (Cii) and S (Ciii) from thin sections collected from near the West margin
basaltic dyke. A) Photomicrograph of thin section 14d81. Left sid®f the image is
10 mm from the dyke margin, the dark spots within vesicles around the horiz
fracture are the location of iron sulphide minerals. Red box shows the location «
B) Photomicrograph of thin section LM&par collected parallel to thdyke plane,
approximately 5 mm from the West margin. Many vesicles are present withir
image from <0.2 mm to >10 mm in size. The dark rounded blebs are xenoli
mudstones. C) Higmagnification image of a single vesicle found in (A). Cii) and
are element maps for Fe (green) and S (purple), respectively. Iron sulphide has
into the vesicle with the core later filled with calcite.

4.5.2 Magnetic anisotropy
Here | describe how the observed magnetics vary across the breadth iotthsion, by first
looking at all the specimen dafar site G5 AMS before separating the data intthe 9

samplingocations from across the dyke thickneshe same will follow for G6 AARM, before
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moving onto a similar layout for site G5, firstly AM&rittAARMLocationsl and 9 represent

the West and East margins respectively, with locations 2 to 8 evenly spaced between.

4.5.2.1 Magnetic anisotropy at site Gguarry wall)

When all AMS specimen data for site G5 are combimed %5), the K, axis is oriented
horizontally and, in a NV®E orientation which is approximately °2@nticlockwise, with
respect to the dyke plandg={gure 4.8\). Theks axis dips 39° towards 237°. The magnetic
foliation dips 50° to the NE, oblique to the dyke plane.

Site G5

Site G6

Figure 45 Equal area plots showing data from all specimens for AMS (A, C) and ,
(B, D) with the data separated by sample site: G5 (A, B) and G6 (C, D) in bgke2
are blue squaresléxes are green triangles angdges are purple circles. Solid ellips
are the 95% confidence ellipses calculated by Anisoft 4.2. The solid black line rep
the dyke strike plane and the dashed line represents the magnetic foliation.
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