
 

 

 

 

 

The Dynamics of Magma Intrusion:  

Using magnetic anisotropy to understand 

magma emplacement in intrusions 

 

 

 

Thesis submitted in accordance with the requirements of the University 

of Liverpool for the degree of Doctor of Philosophy 

By 

 

Simon A. Martin 

 

April 2020 

 



 
i 

 

 

 

 

 

 

 

 

 

Declaration of Authorship 

 

L ŘŜŎƭŀǊŜ ǘƘŀǘ ǘƘƛǎ ǘƘŜǎƛǎ ǘƛǘƭŜŘ Ψ¢ƘŜ 5ȅƴŀƳƛŎǎ ƻŦ aŀƎƳŀ LƴǘǊǳǎƛƻƴΥ ¦ǎƛƴƎ ƳŀƎƴŜǘƛŎ ŀƴƛǎƻǘǊƻǇȅ 

ǘƻ ǳƴŘŜǊǎǘŀƴŘ ƳŀƎƳŀ ŜƳǇƭŀŎŜƳŜƴǘ ƛƴ ƛƴǘǊǳǎƛƻƴǎΩ ŀƴŘ ǘƘŜ ǿƻǊƪ ǘƘŜǊŜƛƴ ŀǊŜ Ƴȅ ƻǿƴ ǿƻǊƪΦ 

The material contained within this thesis has not been presented, nor is currently been 

presented, wholly or in part, for any other degree or qualification.  

 

Signed: 

 

____ ______ 

 

Simon A. Martin 

April 2020 

 

  



 

 

 
ii 

Abstract 

Sheet intrusions provide key pathways for magma transport and storage as it flows through 
ǘƘŜ 9ŀǊǘƘΩǎ ŎǊǳǎǘΦ aŀƴȅ studies focus on the relationship between the intruding magma and 
the host rock through which it propagates, however the flow and emplacement processes 
occurring within the magma are often poorly constrained. Understanding this is vital for 
understanding the behaviour of active volcanic systems and the development of bodies of 
economic interest. To address this, I study how magnetic fabrics are preserved in a natural 
sill and dyke in combination with laboratory experiments using analogue materials to 
investigate 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 thick, of crinanite 
composition and a sheet with evidence of magma fingers. Anisotropy of magnetic 
susceptibility (AMS) and anisotropy of anhysteretic remanent magnetization (AARM) 
techniques were combined with petrology, to 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 long-axis of the magma fingers, whereas 
Group B in the sill interior showed flow reorientation which was inferred to have occurred 
due to magma finger coalescence. AARM fabrics identified a post-emplacement flow regime, 
associated with migration of interstitial melt through the solidifying crystal mush. 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 fabrics are recorded 
and originate from contrasting processes. Within the dyke core, magnetic fabrics originate 
from titanomagnetite, however in margin regions pyrrhotite becomes the dominant source 
of the fabrics. I identified that within the dyke core a record 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 was also variation 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 can be affected by post-emplacement 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 magnetite particles, 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 experimental 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 three parallel slices cut 
perpendicular to the flow axis, identified compressional and shear fabrics closer to the 
intrusion margins and towards the intrusion leading tips. Magnetic fabrics indicative of flow 
in the propagation direction were formed closer to the intrusion core and are like those 
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 fabrics across 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 1: Introduction 

This chapter forms a brief outline of the why studying magmatic intrusions is important, 

before outlining the key research questions. There is a brief description of each of the 

chapters which have been written in paper format and have either been published or 

prepared for submission.  

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 Earth (Chadwick et al., 2011; 

Bagnardi et al., 2013) and other bodies across the solar system, i.e. Io (Wilson 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 of structures, including but 

not limited to dykes, sills and laccoliths. Some of which propagate to the surface and erupt 

whilst the majority arrest in the crust (e.g. Crisp, 1984; Gudmundsson, 2002) (Figure 1.1). 

Being able to monitor the propagation of magma intrusions in real time allows for more 

accurate forecasting of impending eruptions (Fee 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 Swarm, Canada (Ernst and Baragar, 1992). This can increase the risk 

to populations not local to volcanic edifices, such as during the 2018 eruption of Kilauea, 

IŀǿŀƛΩi, where magma was erupted from the Lower East Rift Zone in the Pahoa district (~40 

km form the volcano summit), destroying over 600 homes ό/ƻǳƴǘȅ ƻŦ IŀǿŀƛΩƛΣ нлнлύ. 

Magmatic intrusions are also of economic importance for mining and geothermal industries, 

as they can be host to a range of economically significant deposits such as copper-porphyry 

(Sun et al., 2013) and diamonds (Russell et al., 2019), or provide pathways for the transport 

of post-emplacement hydrothermal fluids through the crust (Stimac et al., 2015).  

Further studies into magmatic intrusions are needed to unravel the dynamics of magma 

intrusion both syn- and post-emplacement, as most previous studies have focused on only 

the initial magma flow trajectory and our current understanding often assumes 

unidirectional magma flow. However, backflow into the volcanic vents when magma flux 

wanes has also been identified in ƻōǎŜǊǾŀǘƛƻƴǎ ƻŦ ŜǊǳǇǘƛƻƴǎ ŀǘ IŀǿŀƛΩƛ (Wallace and 

Anderson, 1998), thus indicating highly variable magma flow directions can occur through 

time, and potentially at depth. Volcanic and igneous plumbing systems also provide pathways 

for the flow of post-emplacement hydrothermal fluids which may alter pre-existing mineral 
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fabrics or deposit new minerals. More detailed studies into magma flow dynamics across the 

breadth of intrusions, can be used as proxies for time intervals associated with magma 

transport and solidification, which could have large impact on our current understandings of 

intrusion emplacement.  

1.2 Research questions 

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

which I 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 underpins all chapters of this thesis.  

2. How do magnetic fabrics vary across the length and breadth of solidified 

magma intrusions in nature? This question is addressed in chapters 3 and 4.  

3. What are the processes that produce different magnetic fabrics and what can 

they tell us about the syn- and post-emplacement processes in 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? This question is 

addressed in chapter 5. 

 



Chapter 1: Introduction 

 
3 

 

 

1.3 Outline of the thesis 

Chapter 2 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 macro- and 

microscale fabrics of ancient, solidified sheet intrusions, including rock magnetism 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 fabrics 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 thickness of the sill, from 

four sites due to restrictions with access. These samples were studied by Anisotropy of 

Magnetic Susceptibility (AMS), Anisotropy of Anhysteretic Remanent Magnetization (AARM) 

and rock magnetism with some optical and scanning electron petrology. The data are then 

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

Figure 1.1 Diagram showing a volcanic plumbing system with a series of interconnected sills 

and dykes. The intrusions identified will be covered in the respective chapters identified. 
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ŎƘŀǇǘŜǊ ƛǎ ǇǳōƭƛǎƘŜŘ ŀǎ ά¢ƘŜ ƻǊƛƎƛƴ ŀƴŘ ŜǾƻƭǳǘƛƻƴ ƻŦ ƳŀƎƴŜǘƛŎ ŦŀōǊƛŎǎ ƛƴ ƳŀŦƛŎ ǎƛƭƭǎέ ōȅ aŀǊǘƛƴ 

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 sill.  Here AMS and AARM fabrics are measured and 

analysed to identify the processes occurring both syn- and post-emplacement. For the dyke, 

two complete transects of 2 and 1.7 m breadth, were sampled at two sites separated by 13 

metres along strike (Figure 1.1).  

Chapter 5 is a study on how magnetic fabrics vary across the length and breadth of analogue 

intrusions created in the laboratory. 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 

solidification of the plaster, the intrusions were excavated to study their external 

morphologies. After which they were cut into thin slices to study their internal morphologies 

and subsequently drilled for core samples to study the magnetic fabrics (AMS) in the different 

sections of the intrusions.  
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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 macro-scale structures, and 

micro-scale and magnetic fabrics, as understanding intrusion propagation and emplacement 

is important for a range of settings. I also include a review of analogue modelling techniques 

and how they have been utilized for understanding a range 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 the sheet-like bodies of dykes 

and sills, to dome-shaped laccoliths or larger plutons. Dykes are vertical to sub-vertical sheets 

with dips of 80-90°, which generally have two walls and are usually discordant to bedding 

planes (Kavanagh, 2018). The length to thickness ratio of dykes is generally quite large, at 

102-4 (Gudmundsson, 2002; Barnett and Gudmundsson, 2014). Dykes are common structure 

for magma storage as only ~10% propagate to the surface and erupt (Gudmundsson et al., 

1999). 

Sills are emplaced as horizontal to sub-horizontal sheet intrusions with dips of 0-10°. They 

have a floor and roof and are generally emplaced concordant to bedding planes (Galland 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 morphologies (e.g. Ferrar Large Igneous 

Province, Antarctica; Airoldi et al., 2012) some others have geometries more akin to fingers 

(e.g. Shonkin Sag Sill Complex; Pollard et al., 1975). Laccoliths are similar to sills in that they 

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

laccolith, Iceland (Mattsson et al., 2018) and 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 strength (Gudmundsson, 2002; 

Kavanagh et al., 2006), magma overpressure (McLeod and Tait, 1999), magma rheology 

(Magee et al., 2013b) and magma flux (Castro et al., 2016). From these properties, two main 



Chapter 2: Review of dyke and sill emplacement  

 
6 

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

model and the viscous indenter model. 

 

 

The hydraulic fracture model is associated with a stronger crustal body, inferring an elastic 

crust that deforms by brittle fracturing 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, resulting in tip propagation. Stresses within the crust 

determine the intrusion orientation with maximum stress (̀1) being the propagation 

direction and the minimum stress (̀3) being the opening direction (Anderson, 1951). Fracture 

propagation arrests when either a stiffer rock layer is reached (Kavanagh et al., 2006; 

Gudmundsson, 2011), the magma finds an alternative pathway (e.g. Acocella et al., 2009; 

Magee et al., 2013a) or there is a drop in overpressure (Taisne 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 2.1B) (Galland 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 subsequently fluidise the rock (Kokelaar, 1982; Schofield et al., 

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

Figure 2.1 Emplacement models for magma emplacement as sheet intrusions within 

ǘƘŜ 9ŀǊǘƘΩǎ ŎǊǳǎǘΦ !ύ ¢ƘŜ ƘȅŘǊŀǳƭƛŎ ŦǊŀŎǘure model where magma overpressure is 

greater than the pressure in the host rock keeping the fracture closed, as such causes 

fracture propagation (Lister, 1990). B) The viscous indenter model where magma 

forces its way into the host rock causing it to deform by ductile deformation, pushing 

the soft host rock out of its path (Donnadieu and Merle, 1998; Mathieu et al., 2008). 
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poorly consolidated material (Mathieu et al., 2008). It is common at a range of viscosities, 

however the intrusion morphology with higher viscosity magmas often evolves to form 

laccoliths (Merle and Vendeville, 1995). Schofield et al. (2012a) identified a relationship 

between the emplacement depth and style of emplacement of horizontal sheet intrusions, 

with a boundary occurring at around 2km depth. Above this depth, structures more 

commonly associated with non-brittle processes occur, whereas between 2 and 5 km depth, 

structures associated with brittle 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 overlooked.  By studying the structures exposed within ancient solidified 

sheet intrusions, from macro- to micro-scale, the processes forming them can be identified 

(Kavanagh, 2018). These processes may have both syn- and post emplacement origins e.g. 

magma flow and solidification, respectively. Field scale structures of magma flow, include 

magma fingers (e.g. Pollard et al., 1975; Schofield et al., 2010, 2012a), ropey flow structures 

(e.g. Liss et al., 2002; Kavanagh et al., 2018a) and flow lineations (e.g. Smith, 1987; Varga et 

al., 1998), whereas micro-scale structures include vesicle shapes (e.g. Coward, 1980; Liss et 

al., 2002), crystal alignment (e.g. Shelley, 1985; Geoffroy et al., 2002) and magnetic fabrics 

(e.g. Knight and Walker, 1988; Staudigel et al., 1992; Herrero-Bervera 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 morphology, thus creating rounded finger-like bodies (Pollard et al., 1975; 

Schofield et al., 2012a). These fingers have been found both in a range of exposed intrusion 

complexes e.g. Shonkin Sag sill, USA (Pollard et al., 1975), Golden Valley sill complex, South 

Africa (Figure 2.2a; also see Figure 1c in Schofield et al., 2012a), but have also been identified 

offshore using 3D seismic surveys (e.g. Miles and Cartwright, 2010; Magee et al., 2016). 

Where there is sufficient exposure to identify the presence of these structures, the finger 

axis is 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 anomalies along the axis of intrusions located within the Møre Basin, offshore 

Norway, which were inferred to be a series of magma tubes (Miles 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 the front of the intrusion. Flow directions in 

small areas of sill intrusions can also be determined by the branching of secondary magma 
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tubes from a primary tube, with propagation occurring laterally at ~45° from the orientation 

of the feeder tube (Thomson and Hutton, 2004). If the propagation is unsuccessful in creating 

a new tube or propagation is small, horn-like structures can be formed. 

 

 

Figure 2.2 Macroscale magma flow structures with black dots or red arrows indicating the 

magma flow axes; A.i) magma fingers in the Golden Valley Sill, South Africa, a part of the 

Karoo Igneous Province, with A.ii) a diagram of the outcrop with inferred magma flow axes 

(edited from Scofield et al. 2012). B) bridge structure between two sill segments with 

inferred flow axis of each sill, and C) a broken bridge (B and C edited from Magee et al., 

2016). D) raised lineations or scour marks within the Traigh Bhàn na Sgùrra sill complex, Isle 

of Mull (edited from Holness and Humphries, 2003) and E) ropey flow structures preserved 

within elongated vesicles of a coastal part of the Karoo Igneous Province, South Africa 

(edited form Hoyer and Watkeys, 2017). 
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At the field scale, en echelon fracturing can be used to infer the initial propagation direction 

(e.g. Rickwood, 1990; Magee et al., 2016), with the lineation of the bridge structure indicating 

the flow axis (Figure 2.2B; Figure 4 in Rickwood, 1990). This is due to the intrusion opening 

ǇŀǊŀƭƭŜƭ ǘƻ ˋ3, which if this rotates from its initial orientation, causes the opening direction to 

change which results in segmentation of the intrusion (Anderson, 1951). Bridge structures 

are also referred to as relays (e.g. Stephens et al., 2017). In some cases, magma breaches 

these structures, rejoining the segments to create a single magma body (e.g. Rickwood, 1990; 

Magee et al., 2016, 2019), commonly 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 identified in both dykes 

(e.g. Smith, 1987; Varga et al., 1998) and sills (e.g. Holness and Humphreys, 2003). They are 

believed to form by molten magma flowing alongside more viscous to solid magma in the 

solidifying magma fronts (Smith, 1987) and can be evidence for laminar flow (Holness and 

Humphreys, 2003). Magma ropes have also been identified in both dykes (Kavanagh et al., 

2018a) and sills (Liss et al., 2002; Hoyer and Watkeys, 2017). In the dyke example from the 

Isle of Skye, Scotland (Kavanagh et al., 2018a), the magma ropes appear as part of the chilled 

margins of a basaltic dyke, in direct contact with the host rock, a dolerite sill. Liss et al. (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 

semi-solid ductile magma to be deformed by shear from the surrounding flowing magma and 

thus be dragged in the direction of flow. These processes are like those forming ropey 

ǇŀƘƻŜƘƻŜ ƭŀǾŀ Ŧƭƻǿǎ ƻƴ ǘƘŜ ŜŀǊǘƘΩǎ ǎǳǊŦŀŎŜ (Fink and Fletcher, 1978). 

In contrast to the macro-structures, micro-structures and fabrics can help to identify finer 

scale emplacement and solidification processes. Microstructures include crystal preferred 

orientations, vesicle shapes and orientations 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 (LPO) or a combination of both (Figure 2.3A; Benn and Allard, 

1989; Higgins, 2006; Roni et al., 2014; Burchardt et al., 2019). In magmas, these processes 

may be related to magma flow (e.g. Shelley, 1985) or compaction of a crystal pile (e.g. 

Holness et al., 2017b). For magma flow, shear within the magma reorients the crystals with 
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the long axis becoming sub-parallel 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 dykes (e.g. Shelley, 1985; Hastie et al., 

2011), sills (Hoyer and Watkeys, 2017), and laccoliths (Burchardt et al., 2019).  

 

 

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 fabrics. In regions <3.5 m, where chilled margins were 

still present, aligned tabular crystals suggest areas of a more laminar flow regime, whereas 

in thicker sections, >3.5 m, where chilled margins had been eroded away, randomly 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 and focussed 

through conduits which erode the chilled margins and surrounding host 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 exsolution of volatiles 

during cooling and decompression of a magma. Vesiculation occurs as the magma reaches 

shallow depths within the crust (Lejeune et al., 1999) and can play a key role in magma ascent 

and subsequently volcanic eruptions. When bubbles are small they remain rigid due to the 

capillary number and increase magma viscosity (discussed further in section 2.5.1) (Llewellin 

et al., 2002b). However, as the bubbles grow they reach a size where they can be deformed 

Figure 2.3 Micro-scale magma flow indicators which aid in identification of magma flow 

directions; A) alignment of sanidine megacrysts in a porphyry in the San Martino, laccolith, 

Elba Island, Italy (Roni et al., 2014) (notebook for scale), and B) subhorizontal stretched 

vesicles within a dyke from the Troodos Ophiolite, Cyprus (Varga et al., 1998) (pen for 

scale).  
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by shear in the magma and act to lower viscosity (Manga et al., 1998). As magma cools, 

bubbles (particularly larger ones, perhaps formed by coalescence) may become stretched 

and elongated by shear (Coward, 1980), generally parallel or slightly oblique to the flow 

direction (Figure 2.3B; Varga et al., 1998; Liss et al., 2002). As the surrounding magma 

solidifies the final vesicle morphologies are preserved and, in some circumstances, can be 

used as flow indicators.  

2.4 Rock magnetism and magnetic 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 anisotropy is the study of minerals and mineral orientations 

preserved within rocks, with applications in sedimentology, palaeontology, tectonics and 

volcanology to understand rock ages, palaeo-flow directions or formational processes that 

have produced the observed fabrics (e.g. Blundell, 1957; Tauxe, 2010). Within intrusive 

systems, rock magnetic techniques are often used to develop emplacement models for 

dykes, sills and laccoliths, determine magma flow trajectories 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., 2004; Roni et al., 2014), along with post-emplacement 

processes such as cooling contraction, alteration and or tectonic overprinting (e.g. Borradaile 

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

In this thesis, two magnetic fabrics are investigated, to understand syn- and post-

emplacement processes associated with the emplacement of sheet intrusions. These fabrics 

are anisotropy of magnetic susceptibility (AMS) and anisotropy of anhysteretic remanent 

magnetisation (AARM), with both fabrics regularly applied to understanding intrusion 

processes (e.g. Raposo et al., 2007; Chadima et al., 2009; Selkin et al., 2014).  

2.4.1. Rock magnetic properties and magnetic mineralogy 

2.4.1.1 Magnetic mineralogy 

A key step in any rock magnetism study is accurate identification of the magnetic carriers 

that contribute to the observed magnetic fabrics. All minerals exhibit some form of magnetic 

behaviour when under the influence of a magnetic field, either: diamagnetic, paramagnetic 

or ferromagnetic (Butler, 1992).  
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Diamagnetism is the response of an atom with a full outer shell of electrons to an induced 

magnetic field. 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 temperature (Butler, 1992). When the induced field is removed, the 

magnetization of the material reverts to zero. Some examples of diamagnetic materials 

include quartz and calcite (Tauxe, 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 magnetic field (Tauxe, 

2010). When all the atomic magnetic moments of a material are combined, the resulting 

magnetisation is zero. If a magnetic field is induced on the material, the spin direction of the 

electrons in the outer shells align with the induced field (Butler, 1992). Removing the field 

allows the electrons in the outer shell to randomly orbit the atom again, thus returning the 

magnetisation to zero. The magnetic susceptibility of paramagnetic materials is positive and 

small but at least an order of magnitude greater than diamagnetic minerals (Butler, 1992), 

and is dependent on the strength of the field and the temperature. Examples of 

paramagnetic minerals include: biotite and fayalite (Butler, 1992; Tauxe, 2010). 

Some materials possess a magnetic field when there is no external field present; this is known 

as remanent magnetisation or ferromagnetism (Tauxe, 2010). The remanent field is caused 

by strong coupling between dipoles of adjacent atoms and results in magnetisation orders of 

magnitude greater than paramagnetic materials (Butler, 1992). Like paramagnetism, 

ferromagnetism is temperature dependant in that a material exhibiting ferromagnetism only 

behaves in such a way below the Curie temperature (TC). Above the Curie temperature, the 

material exhibits a paramagnetic behaviour due to expansion of the crystal lattice which 

results in decoupling of electrons between adjacent atoms (Tauxe, 2010). Each ferromagnetic 

phase has a maximum possible magnetisation relating to its temperature, known as the 

saturation magnetisation (Ms). This decreases as temperature increases reaching zero at the 

Curie temperature (Butler, 1992). The most common ferromagnetic minerals are magnetite, 

titanomagnetite and haematite (Table 2.1).  

2.4.1.2 Identifying the properties of magnetic minerals 

To identify the magnetic phases giving rise to observed magnetic fabrics, several properties 

are investigated, including but not limited to: coercivity, saturation magnetisation and Curie 

temperature. Coercivity is the ability of a magnetic mineral to resist an external magnetic 

field being applied to it (Tauxe, 2010). It is equivalent to the field strength needed to fully 
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demagnetise it or change the direction of its magnetisation, e.g. up to 50 mT for magnetite. 

Saturation magnetisation is the point at which a magnetic particle can no longer take an 

external field as all atomic 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 for coercivity and saturation magnetisation are easily 

identified for a sample using hysteresis experiments, using equipment such as a variable field 

translation balance (VFTB). See Table 2.1 for properties of common ferromagnetic minerals 

present in rocks. 

 

Magnetic 

Mineral 

Curie 

Temperature (ɕC) 

Coercivity  Saturation 

magnetisation 

(Am2 kg-1) 

Reference 

Magnetite 1 580 1 20-50 mT 2 92 1Dunlop and Özdemir (1997), 

2hΩwŜƛƭƭȅ (1984) 

TM10* 500 - - Akimoto (1962) 

TM60* 150 8 mT 24 Dunlop and Özdemir (1997) 

Haematite 1 675 2 Variable to 

10Ωǎ ¢ 

1 0.4 1hΩwŜƛƭƭȅ (1984), 2Banerjee 

(1971) 

Maghemite 590-675 - 74 Dunlop and Özdemir (1997) 

Pyrrhotite 1 270-325 2 Variable to 

мллΩǎ Ƴ¢ 

3 0.4-20 1Dekkers (1988), 2hΩwŜƛƭƭȅ 

(1984), 3Worm et al. (1993) 

Goethite 1 70-125 2 Variable to 

млΩǎ ¢ 

1 Up to 1 1hΩwŜƛƭƭȅ (1984), 2Tauxe 

(2010) 

Greigite 1 330 1 60-100 mT 2 25 1Roberts (1995), 2Spender et 

al. (1972) 

 

A VFTB measures the isothermal remanent magnetisation (IRM) acquisition, backfield curve, 

hysteresis loops, and thermomagnetic curves of a sample to characterise 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 powder loaded into a 

sample holder and covered with quartz wool. Isothermal remanent magnetization is where 

a field greater than the coercivity of a magnetic mineral is applied and the magnetic moments 

of the particles present flip to align more closely with the field direction, giving the sample a 

Table 2.1: Magnetic properties of a range of minerals often providing magnetic 

signals. *TM stands for titanomagnetite and the number (10 or 60) represents the 

percentage of iron replaced by titanium in the lattice. Adapted and expanded from 

Tauxe (2010). 
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remanence. This is undertaken by applying a magnetic field, removing the field and then 

measuring to see how well the sample takes the applied field, in steps of increasing field 

strength to +800 mT. Backfield measurements are made in a similar way to IRM acquisition 

but with an oppositely directed field in steps of up to -800 mT.  

Hysteresis is where the field is swept from positive saturation to negative saturation and back 

again. It is measured during the application of a positively increasing field in one direction, 

then whilst it is being inverted and then again in the initial direction. Hysteresis curves are 

useful to help identify the saturation magnetization and coercivities of magnetic particles 

present in a sample.  

The final experiment conducted using a VFTB is the measurement of the magnetic response 

of the minerals present during heating of the sample. During this experiment, a sample 

undergoes cyclic heating and cooling in a constant field of 240 mT. Measurement starts from 

50 ɕC and continues whilst the temperature increases to 200 ɕC before cooling back to 50 ɕC. 

The heating and cooling cycle is then repeated multiple times, with increasing maximum 

temperature up to 700 ɕC (in 100 ɕC intervals) (see chapter 3 for example).  These 

experiments allow the Curie temperatures of each of the magnetic carriers to be determined, 

which are specific to mineral composition. Data is then analysed using the RockMagAnalyzer 

1.0 software (Leonhardt, 2006). 

Two other contrasting, yet supporting, methods for determining Curie Temperatures are high 

temperature susceptibility and three component thermal demagnetization. High 

temperature susceptibility experiments aid in the identification of minerals that contribute 

to AMS fabrics (see section 2.4.2). In these experiments, the magnetic susceptibility of a 

sample is measured during the heating and cooling of the sample, up to a pre-specified 

temperature. In this thesis, these experiments are performed using an MFK-1A Kappabridge 

from AGICO (Advanced Geoscience Instruments Company), on crushed rock powder samples. 

The data is analysed using !DL/hΩǎ Cureval8 software (Chadima and Hrouda, 2012).  

Three-component thermal demagnetisation experiments use a modified version of the 

Lowrie (1990) method and are used to identify the unblocking temperatures of 

ferromagnetic minerals that give rise to AARM fabrics. Unblocking temperatures are the 

temperature at which the coercive force of a grain is overcome by thermal fluctuations 

resulting in its demagnetisation. In these experiments, three different strength fields are 

applied to a specimen in orthogonal directions, after AMS and AARM analyses are performed 

on the specimen, in decreasing magnitudes and orientations. The field strengths used in this 
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thesis are: x-axis of 1.5 T, y-axis of 0.4 T and z-axis of 0.02 T. These were chosen to target 

specific phases with coercivities within the ranges of each axis, i.e. pyrrhotite for the y-axis 

and titanomagnetites for the z-axis (see Table 2.1 for coercivities). Each specimen is then 

heated and cooled in steps of between 20 and 50 ɕC, to a maximum of 620 ɕC, which 

correspond with temperatures where it is believed that the magnetic remanence changes 

the fastest, i.e. just below the Curie temperatures of target minerals. Between each heating 

and cooling cycle, the magnetization of the sample is measured using an AGICO JR-6A spinner 

magnetometer with the output data separated by axis to determine the strength of each 

phase remaining at that temperature step. When the signal for an axis reduces to a 

magnetisation of 0 T, the remanence carrying phases in that field strength range have been 

demagnetised. The temperature at which this occurred is the unblocking temperature, which 

provides an indicator of the remanence carrying phases present. For example, if the y-axis 

with a strength of 0.4 T fully demagnetises by 350 ɕC, this indicates that the remanence 

carrying phases with coercivities between 0.02 and 0.4 T had unblocking temperatures below 

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

2.4.2. Anisotropy of magnetic susceptibility  

Magnetic susceptibility (MS) is the study of how susceptible a sample is to gaining an induced 

magnetic field (Knight and Walker, 1988; Raposo and Ernesto, 1995), which when the field is 

removed the sample returns to its original state. AMS is then the directional dependant 

response of the sample to the induced field. MS and AMS are affected by the strength, size, 

domain state and orientation of all magnetic minerals (dia-, para-, and ferro-magnetic) 

present within the sample (Khan, 1962). When present, ferromagnetic phases often 

dominate the AMS signals (Hargraves et al., 1991), however, in some situations paramagnetic 

phases may dominate the signal, when they occur in greater proportions than ferromagnetic 

phases. Magnetite is a common ferromagnetic mineral present in igneous rocks and is often 

the primary constituent giving rise to AMS fabrics (e.g. Hargraves et al., 1991).  

Magnetic susceptibility (K) is defined as:  

ὑ                        (2.1) 

where Mi is the degree of induced magnetization and H is the strength of the magnetic field 

(Tauxe, 2010). AMS is measured using a Kappabridge (!DL/hΩǎ MFK1-A for chapters 3 and 4, 

or KLY-4S for chapter 5), whereby a core or cube shaped sample is loaded into a sample 

holder and a magnetic field is induced in multiple orientations. Sample holders can either be 

fixed orientation, which means the sample needs manually rotating in up to 6 orientations, 
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or it can be an automatically rotated using either a single axis rotator, or a 3D rotator. In this 

thesis, an applied field of 200 A m-1 and a frequency of 967 Hz are the settings used for the 

MFK1-A Kappabridge and 200 A m-1 and a frequency of 875 Hz for the KLY-4S Kappabridge. 

After measuring multiple sub-specimens (>5), a normalized six rank ellipsoid tensor can be 

calculated.  

The AMS ellipsoid is characterised by a second order ellipsoid tensor (Khan, 1962), with three 

principle eigenvectors: K1, K2 and K3, where K1 is the longest axis, K2 is the intermediate axis 

and K3 is the shortest axis (Knight and Walker, 1988). The ratio between the magnitudes of 

the tensor axes produces a range of ellipsoid properties: mean susceptibility (Km), lineation 

(L), foliation (F), degree of anisotropy (Pj) and shape parameter (T). Magnetic lineation is the 

ratio between the magnitudes of K1 and K2 (Table 2.2). Magnetic foliation is ratio between 

the K2 and K3 axes. The degree of anisotropy is ratio between all 3 axes and with the shape 

parameter being the shape of the ellipsoid calculated from the natural logarithms of the 

ellipsoid axes (Table 2.2; and Jelínek, 1981). Four ellipsoid shapes exist which are exhibited 

by the AMS ellipsoid tensor; spherical (K1 = K2 = K3), prolate (K1 > K2 = K3), oblate (K1 = K2 > K3) 

and triaxial (K1 > K2 > K3) (Tauxe, 2010). The shapes of ellipsoid tensors are regularly used to 

interpret magmatic fabrics (e.g. Knight and Walker, 1988; Tauxe et al., 1998; Poland et al., 

2004; Soriano et al., 2008). Prolate 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 magmatic rocks (Geoffroy et al., 2002). Comparably, oblate ellipsoids give rise to 

magnetic foliation which is like the planar arrangement of tabular phenocrysts. It should be 

noted that both magnetic lineation and magnetic foliation can be determined from the same 

AMS ellipsoid tensor.  

 

Parameter Solution 

Mean Susceptibility Km (K1+K2+K3)/3 

Lineation L K1/K2  

Foliation F K2/K3  
Corrected degree of 
anisotropy 

Pj Ὡὼὴς – – – – – –  

Shape parameter T (2 2́ ς ́ 1 ς ́ 3) / (́ 1 ς ́ 3) 

 

Table 2.2: Anisotropy parameters used by Anisoft software and can be found in Jelínek 

(1981). K1, K2 and K3 are principal susceptibility axes, with ́1, 2́ and ́ 3 being their 

natural logarithms with ́ = (́ 1 + ́ 2 + ́ 3)/3. 
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2.4.3. Anisotropy for anhysteretic remanent magnetisation  

Whilst AMS is a study of all minerals within a sample, AARM focusses on the statistical 

orientation of remanence bearing minerals, (i.e. single-domain and vortex-state sized grains) 

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

in specific directions (McCabe et al., 1985; Jackson, 1991). The minerals that give rise to the 

AARM signals commonly occur as silicate mineral hosted inclusions of magnetite that are 

aligned along crystal lattices (Cheadle and Gee, 2017). Like AMS, AARM utilizes a second 

order ellipsoid tensor, with the same ellipsoid descriptions and orientations, however mean 

remanence is defined as Krem and is calculated by averaging the axis magnitudes of the AARM 

ellipsoid. 

An anhysteretic remanent magnetisation (ARM) is imparted in multiple stages, using a 

combination of an alternating field demagnetizer and a pulse magnetizer with subsequent 

ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ǘƘŜ ǎŀƳǇƭŜΩǎ ƳŀƎƴŜǘƛǎŀǘƛƻƴΦ Lƴ ǘƘƛǎ ǘƘŜǎƛǎΣ an LDA5/PAM1 alternating-field 

demagnetizer and pulse magnetizer from AGICO impart the field, whilst a JR6-A spinner 

magnetometer measures  the magnetisation. Initially, the natural remanent magnetisation 

is measured before the sample is demagnetised in a tumbling alternating current (AC) field, 

and subsequently remagnetised to find the saturation magnetisation using an applied direct 

current (DC) bias field. Once the saturation magnetisation has been reached, a DC bias field 

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

(3, 6, 12 or 15) with measurement of the ǎŀƳǇƭŜΩǎ magnetisation ǳǎƛƴƎ !DL/hΩǎ wŜƳŀс² 

software (Chadima et al., 2018b), occurring between each step. After all measurements have 

been made for a sample, the AARM ellipsoid is calculated ǳǎƛƴƎ !DL/hΩǎ !ƴƛǎƻŦǘ ǎƻŦǘǿŀǊŜ 

(Chadima et al., 2018a). 

2.4.4. Magnetic anisotropy for understanding magma intrusion processes  

When the magnitudes, shapes and orientations of measured ellipsoid tenors are combined 

with field and petrological observations, the processes that have occurred both syn- and post 

emplacement of solidified magma bodies can be inferred (e.g. Varga et al., 1998; Liss et al., 

2002; Chadima et al., 2009; Hrouda et al., 2015). AMS has commonly been used to 

understand the emplacement processes of dykes (e.g. Knight and Walker, 1988; Staudigel et 

al., 1992; Tauxe et al., 1998; Roni et al., 2014; Porreca et al., 2015), sills (e.g. Gil et al., 2002; 

Hrouda et al., 2015; Airoldi et al., 2016; Martin et al., 2019) and laccoliths (Mattsson 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 been used multiple times to understand the 

processes occurring during dyke emplacement (e.g. Chadima et al., 2009; Silva et al., 2010; 
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Soriano et al., 2016), however the technique has only been used on a handful of occasions to 

study other types of intrusions, i.e. sills (Hrouda et al., 2015; Martin et al., 2019) or larger 

bodies such as the Stillwater Igneous Complex, MT, USA (Selkin et al., 2014). AARM is often 

less frequently used due to a combination of availability and access to the equipment needed 

and the long-time frame of data collection (~10 sub-specimens per day).  

When the AMS K1 axis is aligned with the long axis of the magnetic crystals (and phenocrysts 

when present) or with the AARM K1 axis, and these are parallel to the margins of an intrusion 

(Figure 2.4A), this is referred to as a normal fabric (Figure 2.4B) (Rochette et al., 1992; Ferré, 

2002; Chadima et al., 2009). In this case, the K3 axis is also parallel to the crystal short 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 AMS K1 and K3 axes are inverted with respect 

to crystal long axes, or AARM K1 axis and K3 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 fabrics (Potter and Stephenson, 1988; Rochette et al., 1992; Ferré, 2002). 

Anomalous fabrics are characterised by AMS and AARM ellipsoids which are oblique to each 

other, i.e. ellipsoid axes exhibit neither normal or inverse type fabrics (Soriano et al., 2016). 

Multiple origins exist for these types of fabrics, which stem from two different phenomena, 

either grain-scale variations or processes which resulted in the rotation of magnetic particles. 

Examples of grain-scale variations that lead to anomalous fabrics, include,  combinations of 

SD and MD particles the give rise to the fabrics (Potter and Stephenson, 1988; Rochette et 

al., 1991) or alteration and growth of new magnetic phases (Rochette et al., 1991). Examples 

of processes which resulted in the rotation of magnetic particles, include; syn- or post-

emplacement shear along the fracture (Dragoni et al., 1997; Clemente et al., 2007), cooling 

contraction and the formation of columnar jointing (Hrouda et al., 2015) or evolution of 

multiple flow regimes occurring within the same unit (Martin et al., 2019).  

Textural anisotropy can also influence the orientation and shape of  magnetic fabrics, as the 

distribution of adjacent magnetic minerals within a sample can result in a range of observed 

ellipsoid orientations (Stephenson, 1994; Cañón-Tapia et al., 1996). This is due to a 

phenomenon called magnetic interaction which occurs at the inter-grain scale and is where 

the adjacent particles within a sample interact with each other depending on their proximity. 

Homogenously distributed particles in planes display oblate fabrics with minimum 

susceptibility axes perpendicular the textural plane. Whereas particles in adjacent planes 
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that are closer together than those in the same plane exhibit AMS fabrics with long axis 

perpendicular to the textural anisotropy.  

 

Figure 2.4 Anisotropy of magnetic susceptibility (AMS) and anisotropy of anhysteretic 

remanent magnetisation (AARM) fabrics relative to crystal axes and intrusion 

orientations. A) AMS ellipsoid axis orientations and their relationship to the orientation of 

multidomain (MD) and single-domain crystals (SD). B) An example of a normal fabric 

where AMS K1 and K2 axes are in the plane of the dyke parallel to the long axes of MD 

crystals and K3 is perpendicular to the dyke plane. C) An example of inverse fabrics where 

the K1 and K3 ellipsoid axes orientations are inverted, i.e. K1 is perpendicular to the dyke 

plane. D) Using AMS fabrics to understand flow direction where the ellipsoids are 

imbricated with respect to the dyke plane, shown by the blue squares on the equal area 

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 conditions imparted by the static intrusion margin (Figure 2.4D) (e.g. Knight and 

Walker, 1988; Rochette et al., 1992). When 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 emplacement (Geoffroy et al., 2002; Chadima et al., 2009). 

2.5 Laboratory modelling 

This section provides 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 sub-section on the importance of understanding 

material properties and scaling laboratory models to nature. Next are sub-sections on 

laboratory models that investigate magma emplacement under either the hydraulic fracture 

or viscous indenter styles of intrusion. Subsequently there is a sub-section on how lava domes 

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 (section 2.5.1), and lava domes and flows 

(section 2.5.6) are taken from Kavanagh et al. (2018b) and were written by myself, the full 

published version can be found in Appendix A.  

2.5.1 Magma rheology  

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 ()́ of pure melt is considered Newtonian (Figure 2.5), with a linear 

relationship between shear stress (̀) and strain rate (‎) (Lejeune and Richet, 1995; Ishibashi, 

2009): 

– .                       (2.2)  

Due to its multiphase nature, magma is considered non-Newtonian. Several types of non-

Newtonian rheology have 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 flow (Hulme, 1974): 
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–  
 

                     (2.3) 

where ̀ 0 is the initial shear stress required to cause the onset of flow when ‎ = 0. Once the 

yield stress has been over- come, the fluid has a constant viscosity. More recently, the 

HerschelςBulkley model (Herschel and Bulkley, 1926) has been applied to the behaviour of 

magmas due to its versatility in allowing for the modelling of a spectrum of magma 

behaviours (Llewellin et al., 2002b; Mueller et al., 2011): 

„  „ ὑ‎ὲ                     (2.4) 

where ̀ 0 is yield stress when there is no flow, K is the consistency (́ when ‎ = 1), and n is 

the degree of non-Newtonian behaviour (where n = 1 is Newtonian, n < 1 is shear thinning, 

and n > 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 number, Rayleigh number, and Peclet number.  

 

Depending on the application and level of complexity, a variety of analogue materials have 

been used to model magma (see Table 2.3 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 their material 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 models two-phase suspensions 

Figure 2.5 Flow curves of different fluid rheologies, depending on 

shear stress and strain rate (Taken from Kavanagh et al., 2018b). 
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(bubbles in liquid, or crystals in liquid) and rarely three-phase (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 Herschelς

Bulkley. 

 

System 
Component 

Material 

Key Properties 

Example 
reference 

Rheology or 
Mechanical 
Behaviour 

e.g. Viscosity, density, 
strength 

Magma or Lava analogues 

Syrups Corn syrup Newtonian Densitya of 1427-1431 kg m-3,  
viscosityab of 180-515 Pa s at 

22 °C 

aSchellart 
(2011) 

bRust and 
Manga 
(2002b) 

Glucose syrup T-dependant 
Newtonian 

Density of 1427-1431 kg m-3,  
viscosity of 454.7 Pa s at 20 °C 

Schellart 
(2011) 

Golden Syrup Newtonian Density of 1386 kg m-3,  
viscosity of 50-78 Pa s at 20 °C 

Castruccio et 
al. (2010) 

Honey Newtonian Densitya of 1429-1431 kg m-3,  
viscosityb of 200 Pa s at 22 °C 

aSchellart 
(2011) 

bMathieu et 
al. (2008) 

Oils Glycerine Newtonian Density of 1260 kg m-3, 
viscosity of 0.77 Pa s 

Huppert and 
Hallworth 

(2007) 
Silicon oil Newtonian Densitya of 1870 kg m-3,  

viscosityb of 41.32 Pa s at 25 
°C 

aDel Gaudio 
(2014)  

bMueller et 
al. (2010) 

Vegetable oil 
(Vegetaline) 

Newtonian Density of 890 kg m-3,  
viscosity of 2 x 10-2 Pa s at 50 

°C 

Galland et 
al. (2006) 

Waxes Paraffin T-dependant 
Newtonian 

Densitya of 600 kg m-3,  
viscosityb of 10 Pa s at 52 °C 

aKarlstrom 
and Manga 

(2006), 
bRossetti et 
al. (1999) 

Polyethylene 
glycol (PEG) 

T-dependant 
Newtonian 

Density of 1126 kg m-3,  
viscosity of 0.18 Pa s at 21 °C 

Griffiths and 
Fink (1997) 

Other Air Gas   

Water Newtonian Density of 998.2 kg m-3,  
viscosity of 0.01 cm s-1 at 20 °C 

Huppert and 
Hallworth 

(2007) 
RTV silicone Newtonian When freshly exposed to air 

25 Pa s solidifying after c. 5 
hours 

Gressier et 
al. (2010) 

Table 2.3: Properties of analogue materials used to model magmas and lavas for 

rheology and processes. *Material not currently used in analogue modelling of 

volcanic processes however displays properties that may lead to its future use. 
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Silicone putty Viscoelastic/ 
Newtonian 

Density of 1120-1140 kg m-3.  
viscosities of 2-2.57 x 104 Pa s 

at 24 °C 

Ramberg 
(1970) 

Gum rosin with 
21.8% acetone 

Newtonian Density of 1000 kg m-3,  
viscosity of 1.07 Pa s at room 

temperature 

Lane et al. 
(2001) 

Hair gel Shear 
thinning 

27 Pa s at room temperature Castruccio et 
al. (2014) 

Shaving foam Viscoelastic 172 Pa s at room temperature Bagdassarov 
and 

Pinkerton 
(2004) 

Collophony and 
ethyl phthalate 
mixtures 

Viscoelastic Densities of 1000 kg m-3,  
viscosity of 5.73 x 106 Pa s at 
22 °C. Collophony mixtures 
are almost Newtonian at low 

stress 

Ramberg 
(1970) 

Plaster of Paris 
and water 
suspensions (2.2 
to 2.6 ratio) 

Shear 
thinning 

Viscosity of 0.8 - 6.2 Pa s 
shear rate dependant 

Závada et al. 
(2009) 

Host rock analogues 

Gels 
 

Gelatine (pig-skin 
type) 

Viscoelastic For 2.5 wt% at 10 °C: 
viscoelastic at strain rates 
<0.147 s-1; however highly 

variable with different 
concentrations and 

temperatures. At strain rate 
of 10-2 s-1 viscosity is ~50 Pa s. 

Di Giuseppe 
et al. (2009) 

Laponite powder 
(synthetic clay)* 

Viscoelastic Commonly used as a 
rheology-modifier with 

variable behaviour depending 
on concentration.  

Ruzicka and 
Zaccarelli 

(2011) 

Carbopol* Visco-elasto-
plastic 

Highly variable depending on 
concentration, shear stress 

and strain rate 

Di Guiseppe 
et al. (2015) 

Granular Silica flour 
(spheres and 
crystals) 

Brittle When compacted:  
crystals have density of 1.33 g 
cm-3 ± 0.2%, cohesion of 288 
Pa ± 26 with angle of internal 

friction 40°.  
spheres have density of 1.56 g 
cm-3 ± 0.18%, cohesion of 288 
Pa ± 26 with angle of internal 

friction   24°. 

Galland et 
al. (2006) 

Diatomite powder Frictional When compacted: density of 
400 kg m-3, cohesion of 300 Pa 
at normal stresses 50-300 Pa. 

Gressier et 
al. (2010) 

Sand Shear Cohesion of 0 - 10 Pa, angle of 
internal friction of 30°  

Mathieu et 
al. (2008) 

Ignimbrite 
powder (Grande 
Nape Ignimbrite, 
Mont Dore 
volcano, France) 

Shear Cohesion of 100 - 230 Pa, 
angle of internal friction of 

38° 

Mathieu et 
al. (2008) 
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Other Modelling clay Plastic At density of 1710 kg m-3, 
yield strength 4.1 x 104 Pa s. 

Above yield strength 
viscosities range from 0.5-7.4 

x 107 Pa s 

Ramberg 
(1970) 

tŀƛƴǘŜǊΩǎ Ǉǳǘǘȅ Plastic Densities of 1800-1900 kg m-3, 
yield strength of 3 x 103 Pa s. 
Above yield stress viscosities 

from 1 x 104 to 107 Pa s 

Ramberg 
(1970) 

Particle analogues 

 Sand and gravel   Without mud ς bulk density of 
1710 ± 119 kg m-3 and internal 

angle of friction 39° 
With mud ς bulk density of 

1650 ± 107 kg m-3 and internal 
angle of friction 39° 

Iverson et al. 
(2010) 

Spherical glass 
beads 

 Density of 2500 kg m-3 Mueller et 
al. (2016) 

 

2.5.1.1 Two-phase suspensions: particle suspensions 

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 

particles 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 simplified by a 

single well-defined particle size or a small number of particles sizes used to replicate natural 

systems (e.g. Figure 2.6A-C). However, both numerical and laboratory studies have shown 

that particulate concentration has a first-order control on eruptive behaviour. The Einsteinς 

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 fraction (p˒) 

causes an increase in bulk magma viscosity. Low p˒ magmas behave as Newtonian fluids 

whereas high ˒ p mag- mas (˒ p Ґ Ҕолҍпл ҈ύ ōŜƘŀǾŜ ŀǎ ƴƻƴ-Newtonian fluids (e.g. Lejeune 

and Richet, 1995; Mueller et al., 2011). Bimodal crystal size populations act to reduce melt 

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

with lower viscosities in bimodal crystal size suspensions (Castruccio et al., 2010).  
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Figure 2.6 Examples of experiments investigating magma rheology using analogue 

materials in laboratory experiments. (A) Spherical glass beads, (B) oblate art glitter, and 

(C) prolate glass fibres in silicone oil (scale bars 1 mm; Mueller et al., 2011); (D) three-

phase fluid in which bubbles (black spheres) and spherical glass beads (light translucent 

particles) are suspended in golden syrup (scale bar 500 µm; Truby et al., 2015). These 

multi-phase fluids are measured using viscometers or rheometers with the aim of 

understanding the behaviour of natural magmas that have different crystal and bubble 

populations. Fluids with lower crystal and bubble populations behave as more Newtonian 

fluids, whereas higher crystal populations lead to non-Newtonian behaviour fluids. (E) 

Bubble injection experiments using a small-gap parallel-plate geometry to study the 

development of permeable pathways in a particle-rich suspension. Particle image 

velocimetry has been used to measure particle speed in three experiments with different 

crystal fraction (Oppenheimer et al., 2015). 
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2.5.1.2 Two-phase 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 are constant, the 

bubbles reach an equilibrium deformation that can be measured by the dimensionless 

capillary number Ca, which describes the relative effects of viscous forces and surface tension 

acting between a liquid and a gas (Manga and Loewenberg, 2001; Llewellin et al., 2002b): 

ὅὥ                         (2.5) 

where ́ 0 is the fluid viscosity without bubbles, r is the undeformed bubble radius, ‎ is strain 

rate, and ɱ is 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 change in shear rate (Llewellin et al., 2002b, 2002a). This produces 

spherical bubbles that act to increase the viscosity of the suspension by creating an obstacle 

to flow. Large capillary numbers give rise to easily 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 viscosity (Manga et al., 

1998; Mader et al., 2013). In unsteady flow regimes, when there is a variable strain rate, the 

forces causing deformation and restoration of the bubble shape are not in equilibrium 

(Llewellin et al., 2002b). As such, the Ca number (Eq. 2.5) does not adequately describe the 

behaviour of the bubble, and so a dynamic capillary number Cd is defined: 

ὅὨ  ‗                            (2.6) 

where ‎ is the rate of change of the imposed deforming force and ‗ is 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 Three-phase suspensions 

Three-phase 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 modelled. A three-phase suspension can be modelled 

assuming a bubble suspension base fluid with the particles suspended within (see Figure 

2.6D; Truby et al., 2015): 

ᶻ
 ρ                           (2.8) 
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where ́  zis relative viscosity, ́b is bubble suspension viscosity, •  is particle volume fraction 

and •  is the maximum packing fraction. This simplifies the calculation of the three-phase 

rheology and assumes a low Ca (see Truby et al., 2015); however, if this is not appropriate 

then ́ b may need to be substituted by either the high Ca or Cd viscosity equation. This new 

model can account for a crystal-bearing 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 space and will be an important tool in future models 

to better constrain the impact of three-phase magma rheology on volcanic eruptions. 

Laboratory experiments of degassing crystal-rich magmas have shown using analogue 

materials that gas escape and the development of permeable pathways in particle-rich 

suspensions can be fracture-like or due to bubble formation, and that the migration 

pathways are controlled by particle fraction and the degree of particle packing (see Figure 

2.6E; Oppenheimer et al., 2015). 

2.5.2 Material properties  

When undertaking the modelling of volcanic systems using analogue materials, there is a 

need to understand the properties of the systems being studied, so that better comparisons 

with natural systems can be made (Merle, 2015), which helps to improve the validity of the 

models being run. In laboratory 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 rocks (e.g. pig-skin gelatine; Kavanagh et al., 2013), to granular 

materials that represent brittle host rocks (e.g. sand or flour; Galland et al., 2006). To model 

the intruding magma, both air and water have been used to study the emplacement of 

Newtonian fluids (e.g. Muller et al., 2001; Kavanagh et al., 2006). Other materials that have 

been used include syrups, vegetable oils and waxes which behave as temperature-dependant 

Newtonian or non-Newtonian fluids, allowing for solidification and rheological evolution to 

occur during emplacement (e.g. Galland et al., 2006; Kervyn et al., 2009; Taisne and Tait, 

2011; Chanceaux and Menand, 2016). For a larger list see Table 2.4 taken from Kavanagh et 

al. (2018b). 
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Processes 
considered 

Analogue Material Combinations 
Example studies 

Magma or Lava Host Particulates 

Magma 

Two phase: 
melt + 

bubbles 

Golden syrup with 
nitrogen 

- - Llewellin et al. 
(2002b) 

Aerated golden syrup - - Bagdassarov and 
Pinkerton (2004) 

Corn syrup with air - - Rust and Manga 
(2002b, 2002a) 

Two phase: 
melt + 
crystals 

Silicone oil with silica-
glass beads 

- - Mueller et al. (2010), 
Cimarelli et al. (2011) 

Silicone oil with art 
glitter 

- - Mueller et al. (2010) 

Silicone oil with 
silicon carbide grit 

- - Mueller et al. (2010), 
Cimarelli et al. (2011) 

Silicone oil with 
wollastonite particles 

- - Mueller et al. (2010), 
Cimarelli et al. (2011) 

Golden syrup with 
glass beads 

- - Mueller et al. (2011) 

Golden syrup with art 
glitter 

- - Mueller et al. (2011) 

Golden syrup with 
glass fibres 

- - Mueller et al. (2011) 

Shell Motor oil with 
paraplex plastic 

- - Bhattacharji and 
Smith (1964) 

Epoxy resin with glass 
beads/carbon fibres 

- - Cimarelli et al. (2011) 

Three 
phase: melt 
+ bubbles + 

crystals 

Golden syrup, with air 
and glass beads 

- - Truby et al. (2015) 

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 

cellulose 
Gelatine - McLeod and Tait 

(1999) 
Silicone oil Gelatine - McLeod and Tait 

(1999), 

Table 2.4: Examples of different analogue materials and their combinations used to 

model different parts of the volcanic and magmatic system. 

 



Chapter 2: Review of dyke and sill emplacement  

 
29 

Watanabe et al. 
(2002) 

Golden syrup Sand and plaster 
powder mix 

- Kervyn et al. (2009) 

Golden syrup Gelatine with a 
sand and plaster 

mix load 

- Kervyn et al. (2009) 

Golden syrup Silica flour - Abdelmalak et al. 
(2012) 

Honey Sand - Mathieu et al. (2008) 

Golden syrup Ignimbrite 
powder 

- Mathieu et al. (2008) 

Sills Water Gelatine - Kavanagh et al. 
(2006, 2015) 

Vegetable oil 
(Vegetaline) 

Silica flour - Galland et al.    
(2006; 2012) 

Vegetable oil 
(Vegetaline) 

Gelatine - Daniels and Menand 
(2015), 

Chanceaux and 
Menand (2014, 2016) 

RTV silicone Diatomite 
powder 

- Gressier et al. (2010) 

Larger 
igneous 
bodies 

Hot salty water 
injected into cold 

fresh water 

- - Huppert et al. (1986) 

KNO3, NaNO3 and 
K2CO3 

- - Huppert and Turner 
(1981), 

Turner et al. (1983) 
Glycerine-ethanol mix 
injected into molten 

PEG 600 wax 

- - Weinberg and Leitch 
(1998) 

Hydroxethylcelluloase 
polymer and silicone 

oil 

- - De Bremond d-Ars et 
al. (2001) 

Diluted glucose syrup 
and bubbles 

- - Namiki et al. (2016) 

Water or 
hydroxyethyl 

cellulose or silicone 
oil 

Gelatine - McLeod and Tait 
(1999) 

Sunflower oil/silicone 
oil and natrosol 
solution/glucose 

solution/ Na 
polytungstate 

- - Saumur et al. (2016) 

Glycerine Gelatine - Koyaguchi and 
Takada (1994) 

Grease Gelatine - Pollard and Johnson 
(1973) 

Silicone putty Sand layers - Roman-Berdiel et al. 
(1995) 

Silicone putty/KMnO4 
solutions 

Modelling 
ŎƭŀȅκǇŀƛƴǘŜǊΩǎ 

putty/Concrete 

- Ramberg (1970) 
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Lavas 

Lava lakes 
and hot 
conduit 

Golden syrup mixed 
with water 

- - Beckett et al. (2011) 

Water and air - - Witham et al. (2006) 

Paraffin wax - - Karlstrom and Manga 
(2006) 

Lava domes PEG wax into sucrose 
solution 

- - Griffiths and Fink 
(1993), 

Fink and Bridges 
(1995) 

PEG wax with kaolin 
powder 

- - Griffiths and Fink 
(1997), 

Lyman et al. (2004) 
Plaster of Paris 
seeded with 

magnetite particles 

Sand - Závada et al. (2009) 

Lava flows PEG wax into sucrose 
solution 

- - Hallworth et al. 
(1987), 

Fink and Griffiths 
(1990) 

Glucose syrup into 
sucrose solution 

- - Stasiuk et al. (1993) 

PEG 600 wax Peg 600 wax 
surface 

- Kerr (2001) 

Paraffin wax - - Miyamoto et al. 
(2001), 

Nolan (2014) 
Golden syrup and 

sugar crystals 
- - Castruccio et al. 

(2010) 
Hot water PEG 1000 wax 

surface 
- Huppert and Sparks 

(1985) 
KNO3, NaNO3 and 

K2CO3 
- - Turner et al. (1983) 

Viscous silicone - - Gilbert and Merle 
(1987) 

Corn starch and 
water slurry 

- - Goehring and Morris 
(2005), Goehring et 

al. (2006) 

Granular flows 

Pyroclastic 
density 
currents 

- - Particle 
bearing 

freshwater 
injected into 
saline water 

Carey et al. (1988) 

- - Methanol-
ethylene 

glycol injected 
into water 

Woods and Bursik 
(1994) 

Lahars - - Sand and 
gravel with 
and without 

mud 

 

Iverson et al. (2010) 
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Plumes 

Plumes - - Particle 
bearing 

freshwater 
into saline 

water 

Carey et al. (1988) 

- - Cold or warm 
water into 

cold flowing 
water 

Ernst et al. (1994) 

- - Methanol-
ethylene 

glycol injected 
into fresh 

water 

Woods and Caulfield 
(1992) 

Ash 
dispersal 

- - Spherical glass 
beads in water 
with various 

additives 

Koyaguchi et al. 
(2009) 

Air fall - - Spherical glass 
beads in water 
with various 

additives 

Koyaguchi et al. 
(2009) 

- - Soda-lime 
glass beads 

suspended in 
hot air 

Mueller et al. (2016) 

 

The properties of these different materials have measured using a range of equipment from 

viscometers and rheometers that measure the viscosity of fluids and visco-elasticity of gels 

(e.g. Rossetti et al., 1999; Llewellin et al., 2002b; Mueller et al., 2011; Kavanagh et al., 2013), 

to shear boxes that measure the cohesion and strength granular materials (e.g. Galland et 

al., 2006). Viscometry has been conducted since the nineteenth century, as described in a 

review by Dontula et al. (2005). In this method, a sample of material is tested in a viscometer 

by applying a known shear stress (s) to a sample to determine the strain rate (‎) (Weijermars, 

1986), and from this the viscosity (h) can be calculated (Eq. 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 rates (e.g. Lane et al., 

2001; Rust and Manga, 2002a; Bagdassarov and Pinkerton, 2004). Rheometers 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 using Peltier plates (e.g. Kavanagh et al., 2013). Several 

studies have used rheometers to characterise the properties of both magma and host rock 

analogues; e.g Llewellin (2002b) and Schellert (2011) for golden syrup magmas, and 
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Kavanagh et al. (2013) for gelatine 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 and 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 studied (Merle, 2015). The scaling 

of experiments was first described by Ampferer (1906; cited in Kavanagh et al., 2018b) who 

identified that as length scales are decreased from the natural-scale to a laboratory-scale 

ƳƻŘŜƭΣ ǘƘŜ ǎŀƳŜ ƴŜŜŘǎ ǘƻ ƻŎŎǳǊ ŦƻǊ ŀƭƭ ƻǘƘŜǊ άŎƻƴǎǘŀƴǘǎέΦ {ƻƳŜ ƻŦ ǘƘŜ Ƴƻǎǘ ŎƻƳƳƻƴ 

fundamental units that are used are length (m), mass (kg), time (s) and temperature (ɕK). 

From these fundamental units many other properties of natural and model materials can be 

identified, including velocity (ms-1), stress (kg m-1 s-2 or Pa) and viscosity (kg m-1 s-1 or Pa s). 

Scaling is undertaken using two main methods, either by using ΨǎŎŀƭŜ ŦŀŎǘƻǊǎΩ ƻǊ ōȅ ǳǎƛƴƎ 

.ǳŎƪƛƴƎƘŀƳΩǎ όмфмпύ Ψtƛ ǘƘŜƻǊŜƳΩ όŀƭǎƻ ƪƴƻǿƴ ŀǎ ŘƛƳŜƴǎƛƻƴŀƭ ŀƴŀƭȅǎƛǎύΦ LŦ ǎŎŀƭŜ ŦŀŎǘƻǊǎ ŀƴŘ 

dimensionless numbers in laboratory models can be maintained, then the use of laboratory 

models to understand natural systems can be highly effective. 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 the experiment, 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 et al. (2015) and Merle (2015) for 

more detail. 

2.5.3.1 Scale factors 

Scale factors underpin the scalability of laboratory experiments to natural systems. They 

represent the ratios between the natural system and models, determining aspects such as 

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

Ὤᶻ  ,                    (2.9) 

”ᶻ  ,                  (2.10) 

ὸᶻ  ,                  (2.11) 
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where m and n represent the model and nature respectively (Kavanagh et al., 2018b). From 

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 granular materials, scaling ratios for the 

properties of the host material, such as cohesion (C*) and the angle of internal friction (˒), 

and of the magma analogue, such as viscosity (ʹϝ), need to be determined:  

ὅᶻ  ,                  (2.12) 

–ᶻ  ,                  (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 scaling parameters used in their granular type models.  

2.5.3.2 .ǳŎƪƛƴƎƘŀƳΩǎ tƛ ǘƘŜƻǊŜƳ 

.ǳŎƪƛƴƎƘŀƳΩǎ tƛ ǘƘŜƻǊŜƳΣ ŀƭǎƻ ƪƴƻǿƴ ŀǎ ΨŘƛƳŜƴǎƛƻƴŀƭ ŀƴŀƭȅǎƛǎΩΣ ŜƴŀōƭŜǎ ǘƘŜ ŘŜǘŜǊƳƛƴŀǘƛƻƴ 

of similarities between the natural and model systems using a series of dimensionless 

numbers (Buckingham, 1914). It works by assessing the key physical variables of the natural 

ǎȅǎǘŜƳ ǘƻ ƛŘŜƴǘƛŦȅ ŘƛƳŜƴǎƛƻƴƭŜǎǎ ǇŀǊŀƳŜǘŜǊ ŎƻƳōƛƴŀǘƛƻƴǎ ŀƴŘ ΨǊŜƎƛƳŜǎΩ ǘƘŀǘ Ŏŀƴ ǘƘŜƴ ōŜ 

applied to the model to express the physics of the investigated processes. Common 

dimensionless numbers used in studying magmatic intrusions include the Reynolds number 

(Re), the Rayleigh number (Ra) or the Hubbert number (Merle, 2015; Kavanagh et al., 2018b).  

Re is used to describe style of flow, with low Re indicating laminar flow and high Re indicating 

turbulent flow. It is defined as: 

ὙὩ  ,                  (2.14) 

where ́  is fluid density, u is flow velocity, L is distance, and ́ is viscosity. This flow style will 

affect the trajectories of passive-tracer elongate crystals which align with the flow velocity 

vector in a flowing magma.   

Ra is used to determine the presence of convective flow due to heat transfer, and is defined 

as: 

Ὑὥ  ,                  (2.15) 
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where, g is gravity, h  is the coefficient of thermal expansion, ɲT is the temperature 

difference, and ˁ is thermal diffusivity. Low Ra indicate cooling by convection, whereas higher 

Ra indicate cooling via convection.  

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

defined as: 

Ὄό  ,                  (2.16) 

where ́  is the density and ̱0 is cohesion. Hu is 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 dykes (Figure 2.7A-B; 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, 2016), laccoliths (e.g. Pollard, 1973; Pollard and Johnson, 1973; Hyndman 

and Alt, 1987) and diapirs (e.g. Dietl and Koyi, 2011). These 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 and 2-5 wt% concentraion (Acocella 

and Tibaldi, 2005; Kavanagh et al., 2013). Gelatine is versatile in that its properties are directly 

linked to its mixing ratio with water during preparation, enabling different strength gelatine 

hosts to be prepared so that different strength host rocks in nature can be modelled (Rivalta 

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 agar (Sumita 

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

Into the gelatine, a range of fluids have been injected as magma analogues, spanning 

Newtonian fluids such as air (e.g. Rivalta et al., 2005; Menand et al., 2010) and water (e.g. 

McLeod and Tait, 1999; Kavanagh et al., 2006) to temperature-dependant Newtonian fluids 

such as paraffin wax (Figure 2.7D; e.g. Taisne and Tait, 2011), vegetable oil (Vegetaline brand) 

(Figure 2.7E; e.g. Chanceaux and Menand, 2014, 2016) or molten gelatine (e.g. Hyndman and 

Alt, 1987; Pansino et al., 2019). Other viscous fluids, such as plaster of Paris, have also been 

intruded which solidify and can subsequently be excavated (Hubbert and Willis, 1957). 
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Figure 2.7 Analogue models of dykes and sills that use viscoelastic gelatine to represent 

the host rock, however, use a range of intruding fluids. A) Injection of coloured water into 

ŀ άǊƛŘƎŜέ ǎƘŀǇŜŘ ƳƻǊǇƘƻƭƻƎȅ ǿƛǘƘ (i) at the onset of injection and (ii) during injection 

(Fiske and Jackson, 1972), B) coloured water dyke propagation into gelatine (Kavanagh et 

al., 2018a), C) water injected into multi-layered gelatine block forming a sill at the 

interface (Kavanagh et al., 2017), D) injection of wax into gelatine to investigate the 

impact of cooling and solidification on intrusion morphology (Taisne and Tait, 2011), E) 

excavated complex sill structure created during injection of molten vegetable oil into 

gelatine block that was subsequently allowed to solidify (Chanceaux and Menand, 2016). 

Ropey structures can be seen in the sill surface. 
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The experimental setup generally involve an acrylic or perpex tank that have different heights 

but either a square (e.g. Kavanagh et al., 2006; Taisne and Tait, 2009) or round base (e.g. 

McLeod and Tait, 1999; Rivalta et al., 2005; Kavanagh et al., 2017). Into the 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 sequentially emplaced with 

solidification occurring between the addition of each subsequent layer to produce a bonded 

interface (Kavanagh 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 boundary 

(Sili et al., 2019). The intruded fluid is then injected either from below (e.g. Watanabe et al., 

2002; Rivalta et al., 2005; Kavanagh et al., 2006; Sili et al., 2019), above (e.g. Taisne and Tait, 

2009) or from the side (e.g. Chanceaux and Menand, 2016; Urbani et al., 2018) into the 

solidified gel. 

Single layer gelatine experiments generally study dyke propagation (e.g. McLeod and Tait, 

1999; Taisne and Tait, 2011). Some models have studied the effect that the ambient stress 

field has upon intrusion morphology, by either compressing the gelatine by inserting sheets 

between the tank and the solidified gelatine block (Menand et al., 2010) or causing extension 

by replacing some gelatine with water at the edges of the tank and loading the surface from 

above (Daniels and Menand, 2015). Dyke propagation within volcanic edifices has been 

studied by either intruding directly into gelatine with an edifice-like 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., 2009). Fiske and 

Jackson (1972) found that experimental dykes emplace radially around a conical edifice, 

however when the edifice was elongate (triangular prism) the dyke would propagate along 

the long-axis 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 was then 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 emplacement (e.g. Hubbert 

and Willis, 1957; Rivalta et al., 2005; Kavanagh et al., 2006, 2017). The morphologies of the 

intrusions (Figure 2.7E; Chanceaux and Menand, 2016) 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 gelatine (Kavanagh 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 been relatively understudied. A recent study by Kavanagh et al. 

(2018a) begins to address this gap, and is discussed in detail in section 2.5.7.  

2.5.5 Laboratory models with granular hosts 

In laboratory 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 dykes (Figure 2.8A-Ci; e.g. Mathieu 

et al., 2008; Abdelmalak et al., 2012; Wyrick et al., 2015; Guldstrand et al., 2017; Poppe et 

al., 2019), cryptodomes (Figure 2.8Cii; e.g. Schmiedel et al., 2017; Poppe et al., 2019), cone 

sheets (e.g. Galland et al., 2014; Poppe et al., 2019), sills (Figure 2.8Ciii-D; e.g. Galland et al., 

2006; Galland and Scheibert, 2013; Schmiedel et al., 2017; Poppe et al., 2019) and laccoliths 

(Roman-Berdiel et al., 1995; Galland and Scheibert, 2013; Schmiedel et al., 2017). All of these 

models commonly use granular materials, such as sand, silica flour or mixes thereof, as 

analogues for an inelastic plastic crust (Table 2.4; Galland et al., 2006; Wyrick et al., 2015; 

Schmiedel et al., 2017; Poppe et al., 2019). These materials 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 host-rock analogue is a 

square-based box filled with compacted granular material. Some models use multiple layers 

of granular materials, with differentiation either in the layer colour or material properties so 

that any sub-surface deformation of the host material by the intruding fluid can be observed 

post-emplacement (Figure 2.8B; Wyrick et al., 2015). The fluid is then injected into the base 

of the box using a volumetric pump (e.g. Galland et al., 2014; Guldstrand et al., 2017) or a 

hydraulic squeezer (Závada et al., 2011).  
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Figure 2.8 Analogue models that focus on the viscous indenter model of intrusion 

propagation where intrusion occurs into inelastic granular host materials. A) Dyke 

propagation and formation in using golden syrup magma injected into ignimbrite powder 

(Mathieu et al., 2008). B) Propagation of a solidifying paraffin wax dyke into sand which 

can then be excavated to analyse the intrusion morphology (Wyrick et al., 2015). C) 

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

monitored by x-ray computed tomography to analyse evolution of the 3D structure during 

emplacement of (i) a dyke, (ii) a cryptodome and (iii) a saucer shaped sill (Poppe et al., 

2019). D) Intrusion of vegetable oil as a series of sills and cone sheets as it propagated 

through layers of silica crystals and silica spheres respectively. (i) Photograph of excavated 

model, (ii) diagram of (i) showing location of silica crystals (white) and silica spheres (dark 

grey) and saucer-shaped sill (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 structures 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 syrup (e.g. 

Mathieu et al., 2008), vegetable oil (e.g. Galland et al., 2006, 2009) and paraffin wax (e.g. 

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. The models of Kratinova et al. (2006) and Závada et al. (2011) 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 solidification, 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., 2017) or x-ray 

computed tomography (CT) (Poppe et al., 2019). With 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 x-ray CT in analogue modelling is a useful tool in 

determining evolution of the entire 3-dimensional structure of the model over 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 morphology of intrusions being 

formed during emplacement in nature (Poppe 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 

between these intrusive and extrusive sections of the volcanic system, for example, basaltic 

lava flows behave in similar ways to sill like bodies as they are both horizontally oriented 

sheet-like bodies that transport magma, with the main difference being the presence or lack 

of a lithostatic load. Sills have an upper contact with host rock with the overlying lithostatic 

load causing the magma to spread out laterally , which results in structures with high aspect 

ratios of ~1:200-2000 (Bunger and Cruden, 2011). In contrast, lava flows have an upper 

contact with either air or water which rapidly cool or quench flow margins and acts to 

channelize and increase the flow thicknesses due to solidification around edges. When this 
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is combined with a lack of an overlying lithostatic load, this results in low aspect ratios ranging 

from 1:>50 for mafic rheologies to 1:<8 for felsic rheologies (Walker, 1973). Due to lava flows 

and domes being key structures for the transport and storage of magma above the 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 section is an adapted version 

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

2.5.6.1 Lava domes 

Lava domes are effusions of degassed, highly viscous, silica-rich magma that accumulate at 

volcanic vents. Their emplacement can cause the build-up of gas and pressure in the conduit, 

increasing the potential for explosive eruptions or the formation of pyroclastic 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 laboratory experiments include morphological 

variations due to topography (e.g. Lyman et al., 2004), magma rheology (e.g. Griffiths and 

Fink, 1993; Fink and Bridges, 1995), and the preservation of flow fabrics using magnetic 

fabrics (Závada et al., 2009). Lava 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 largely focussed on the influence of lava rheology on 

dome morphology. Griffiths and Fink (1993) 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 Bridges (1995) found that pulsating the wax effusion and 

decreasing its temperature resulted in predominantly vertical 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 simple temperature-dependent Newtonian fluid. Balmforth 

et al. (2000) carried out numerical simulations of lava dome growth and evolution using a 

HerschelςBulkley rheology, which were compared with kaolinςwater 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 

distinguish. Experimentally, Blake (1990) used kaolinςwater slurries to model dome 
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morphology in a Bingham fluid to identify yield stresses occurring within 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 Fink (1997) used a PEGςkaolin mixture to study lava dome 

morphology with the kaolin powder converting the fluid from a temperature-dependent 

Newtonian fluid to a Bingham fluid. These analogue lava domes produced spines and 

irregular breakouts of wax (Figure 2.9A) due to the yield 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 contrasting dome 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, such as Wilson Butte in California (Lyman et al., 2004), 

to calculate the effusion rate of prehistoric domes. 

Internal deformation of lava domes 

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. Závada et al. (2009) studied magnetic fabric development 

within lava domes by effusing plaster of Paris seeded 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 extruded. The 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 extrusion 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 dome from 

hydrothermal fluids was modelled by Ball et al. (2015), who simulated the 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 for alteration with faster 

cooling rates reducing the likelihood of deep alteration within the dome. 
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2.5.6.2 Lava flows 

Laboratory and numerical modelling has been extensively applied to investigate lava flow 

emplacement. Scaling of lava flow models considers several aspects, such as the mechanism 

Figure 2.9 Analogue models that study lava domes (A and B) and lava flows (C and D): (A) 

experiment by Griffiths and Fink (1997) of polyethylene glycol extruded from a point 

source imaged in (i) plan view and (ii) side view. (B) Photograph showing (i) external 

morphology and (ii) cross section through plaster of Paris analogue model of lava dome 

emplacement seeded with magnetic particles for AMS analysis (scale bars are 10 cm long, 

photos courtesy of Prokop Zavada. See also Zavada et al., 2009). (C) Dehydration of corn 

starchςwater slurry to study the formation of columnar jointing structures in lava flows 

(modified from Goehring et al., 2006). (D) Effusion of molten wax onto bed of solid wax 

to study thermal erosion of lava flow into underlying material after (i) 4 and (ii) 14 min 

(Kerr, 2001).  

model, (ii) diagram of (i) showing location of silica crystals (white) and silica spheres (dark 

grey) and saucer-shaped sill (Galland et al., 2006). 
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of heat loss via the Peclet number (Pe) and dimensionless timescales (ʌ) for solidification 

(e.g. Fink and Griffiths, 1990, 1998). In the laboratory, the emplacement dynamics and 

morphology of lava flows has been investigated using Newtonian fluids (e.g. glucose syrup; 

Stasiuk et al., 1993) and more complex fluids that account for cooling and crystallisation and 

develop a solidified crust during flow (e.g. PEG wax; Hallworth et al., 1987; Fink and Griffiths, 

1990; Gregg and Fink, 1995). These experiments model variations in heat flux, thermal 

gradients, and cooling on the temporal and spatial variation of lava flow viscosity, then 

extrapolating the impact these factors have on run-out length and flow morphology. Lavas 

have also been modelled in the laboratory as a particle suspension, with experiments 

showing that increasing particle volume fraction (Soule and Cashman, 2005; Castruccio et al., 

2014) and particle size (Del Gaudio et al., 2013) increases lava viscosity and can affect lava 

flow morphology. High-concentration particle suspensions produce low flow velocities, shear 

localisation, and subsequent break-up of the flow surface, causing transition from pahoehoe-

like to aa-like morphologies that are reminiscent of natural flows (Soule and Cashman, 2005). 

Lava flow dynamics 

The cooling mechanism of lava flows impacts the morphology and run-out length of the flow 

and therefore the hazards it may pose to surrounding populations. Recent work by Garel et 

al. (2012, 2014) has studied, in detail, the effects of cooling on the morphology of flows in 

the laboratory and numerically. They effused silicone oil (Garel et al., 2012) and PEG P3515 

(Garel et al., 2012, 2014) onto 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 thermal 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 correlate with 

natural examples of effusion rates; however large amounts of uncertainty exist between 

these models and natural lava flows due to the complex nature of natural systems, i.e. 

variable flow dynamics and cooling profiles within the flow (Garel et al., 2012, 2014). 

Lava flow levees and solidification 

Critical in 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 channelisation of the 

flow (Blake and Bruno, 2000; Miyamoto et al., 2001; Nolan, 2014). Crust formation over the 

cooling flow surface insulates the molten wax and creates tube-fed flows, and blockages or 

restrictions in the tube-fed flow of wax to the flow front lead to flow inflation and eventually 
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breakout from the crust. Blake and Bruno (2000) 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 occur. Karlstrom and Manga (2006) 

used spreading paraffin wax experiments to study the cooling and rifting associated with lava 

lakes, however their results can also be applied morphological transition from pahoehoe to 

aa flows due to fracturing and rifting of the cooling lava crust.  

Solidification and development of columnar jointing in lava flows has been modelled using 

corn starch slurries that are placed under heat lamps to allow the water to evaporate away 

(Müller, 1998; Goehring and Morris, 2005). The loss of water was used as 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 the morphology of columns in natural 

lava lakes and ponded lava flows such as in Hawaii (Müller, 1998; Goehring et al., 2006) or 

ǘƘŜ DƛŀƴǘΩǎ /ŀǳǎŜǿŀȅ ƛƴ bƻǊǘƘŜǊƴ LǊŜƭŀƴŘ (Goehring and Morris, 2005). However, further 

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 Sparks (1985) investigated the development 

of thermal erosion channels in komatiite lava flows by pouring hot water onto a slab of PEG 

1000 wax; Komatiite 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. Kerr (2001) 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 

ƛƴƛǘƛŀƭ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ ǘƘŜ ƭŀǾŀΤ ŦƻǊ ōŀǎŀƭǘƛŎ ƭŀǾŀǎ ƻƴ IŀǿŀƛΩƛΣ ǘƘƛǎ ǊŀƴƎŜ ƛǎ тΦо ǘƻ оп cm after 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 fluids (Gilbert 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 of lobes. When 

applied to lava flows in nature, such observations can explain emplacement mechanisms and 

possibly account for variations in deformed bubble and crystal shape-preferred orientations 

compared to AMS fabrics in different parts of the flow (e.g. Caballero-Miranda et al., 2016). 

2.5.7 Laboratory modelling of flow structures 

The use of laboratory modelling using analogue materials to understand the internal magma 

flow process is limited as the majority of studies only interpret the external morphology of 

an experimental intrusion (e.g. Taisne and Tait, 2011; Chanceaux and Menand, 2016) or lava 

flow (e.g. Gregg and Fink, 1995; Cashman et al., 2006). Studies of finer-scale flow fabrics or 

flow dynamics where individual particles or regions are tracked are a lot less common (e.g. 

Bhattacharji and Smith, 1964; Gilbert and Merle, 1987; Kavanagh et al., 2018a). Here, 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 ropes 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 such folds it (Gregg and Fink, 1995). This has been found when producing both sill type 

morphologies (Figure 2.7E; Chanceaux and Menand, 2016) and during the formation of lava 

flows (Gregg and Fink, 1995; Cashman et al., 2006). The formation of these structures is 

linked to the rheology of the magma analogue, which tends to be temperature-dependant 

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 flow-parallel lineations in 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 rifted surfaces.  
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Figure 2.10 Analogue models that study magma flow. A) Particles in oil during flow 

showing the localisation of crystals away from the margins of dykes (Bhattacharji and 

Smith, 1964); B) gelatine water models of Kavanagh et al. (2018a) where particles in the 

flow are illuminated by a laser sheet, from which flow trajectories were identified during 

(i) dyke growth and (ii) at eruption. C) AMS fabrics preserved within plaster model of 

Zavada et al. (2009) from Figure 2.10B.ii, (i) shows the magnetic foliation orientation and 

(ii) shows the shape parameter (1 is oblate and -1 is prolate).  
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Analogue modelling studies on smaller-scale fabrics associated with crystals and vesicles 

within crystalline magma are also rare. The localisation of crystals away from dyke walls was 

investigated by Bhattacharji and Smith (1964), who used a range of oils (motor, coconut, 

turpentine) with added irregular-shaped 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 the conduit with the particles 

suspended within. They found that the particles rotated away from the intrusion walls during 

Ŧƭƻǿ ŘǳŜ ǘƻ ǘƘŜ ΨaŀƎƴǳǎ ŜŦŦŜŎǘΩΣ ǿƘƛŎƘ ƭƻŎŀƭƛǎŜŘ ǘƘŜ ǇŀǊǘƛŎƭŜǎ ƛƴǘƻ ǘƘŜ ŘȅƪŜ ŎƻǊŜΦ ²ƘŜƴ Ŧƭƻǿ 

ceased, the particles descended through the conduit and spread out closer to the margin 

again, however they re-localised toward the centre when flow resumed (Bhattacharji 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 have been studied by Kavanagh et al. (2018a) 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 based on the fluid 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 preservation of magnetic fabrics within analogue models have been investigated by a 

few studies where plaster of Paris (viscous magma analogue) is seeded with fine-grained 

magnetite particles (see Figure 5.2A in chapter 5 for particle shapes), which is subsequently 

squeezed or injected into vents of known geometries or through sand (Kratinová et al., 2006; 

Závada et al., 2009, 2011). These 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 Paris as it behaves as a pseudoplastic fluid 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 in nature, and 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 gaps in applying laboratory modelling 

using analogue materials to understanding flow fabrics within sheet intrusions. The majority 

of the current studies of intrusion emplacement using laboratory modelling primarily 

focusses on the behaviour of the host material and the impact it has on intrusion 

morphology, however large gaps remain in relation to the behaviour of the intruding fluid 

during emplacement. The style of emplacement and associated flow fabrics occurring during 

magma intrusion, along with how these fabrics are then preserved in the solidified body is 

also poorly constrained. This is supported by a lack of understanding into how analogue 

intrusions grow and evolve through time. More specific to this thesis is the lack of 

understanding of the formation and distribution of magnetic fabrics associated with the 

emplacement and evolution of dykes and sills.  
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Chapter 3: The origin and evolution of magnetic fabrics in mafic sills 

This paper has been published in Frontiers in Earth Science as Martin et al. (2019). Data 

collection, analysis and writing of the paper was done by myself, with the support from Janine 

Kavanagh and Andy Biggin. James Utley performed the QEMSCAN data collection, analysis 

and read the manuscript. Elliot Wood provided field support. See Appendix 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 micro-scale 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 Irish 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 Little 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 groups (the 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 multi-domain or vortex-state to single-domain 

sized grains, respectively. The AMS and AARM fabrics are aligned with each other in 

the margin regions preserving a history of magma flow towards the North during 

initial emplacement. However, in the sill interior the AMS and AARM fabrics are 

oblique to each other, thus reflecting multiple origins. We suggest the AMS fabrics 

have recorded magma flow during sill growth, and AARM fabrics have recorded melt 

percolation flow as the interstitial melt migrated upwards through a solidifying crystal 

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 analysis 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 dynamics based on under-sampled 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 develop (e.g. Magee et al., 2018). Magma is transported 

through the crust in a series of sheet intrusions called dykes, inclined sheets, and sills (e.g. 

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 growth (see review by Putirka, 2017; and references therein). The 

importance of dykes as feeders of magma to the surface is well known (e.g. Geshi et al., 2010; 

Gudmundsson et al., 2014), with sills also providing pathways for magma to travel many 

kilometres from their source regions (e.g. Airoldi et al., 2016). Understanding magma 

intrusion dynamics that occurred in the past is therefore important for mitigating volcanic 

hazards in the future through monitoring of active volcanoes (e.g. Sparks and Cashman, 

2017). Sills are also of economic importance as they can be associated with maturing 

petroleum source rocks or creating traps (e.g. Monreal et al., 2009; Magee et al., 2018). Some 

kimberlitic sills are also hosts to diamonds (e.g. Sparks, 2013).  

Traditionally the factors that influence the propagation of sheet intrusions through the crust, 

and their tendency to arrest or erupt, primarily consider deformation of the host rock, with 

intrusion propagation linked to: mode of fracture propagation (i.e. tensile, shear or mixed 

mode; Rubin, 1995), strength and rheology of the host rock (e.g. Geshi et al., 2012; Galland 

et al., 2014), mechanical layering of crustal strata (e.g. Kavanagh et al., 2006), interface 

strength between rock layers (e.g. Baer, 1991; Kavanagh and Pavier, 2014), and tectonic 

stresses (e.g. Paquet et al., 2007; Menand et al., 2010; Stephens et al., 2017). However, the 

physical properties of the magma can also affect the ability of a magma to intrude rather 

than erupt. These include magma overpressure (e.g. Lister and Kerr, 1991), flux (e.g. Fujita et 

al., 2004), rheology (including melt composition and the relative proportions of melt, bubbles 

and crystals, e.g. Castro et al., 2016), heat transfer (e.g. Annen and Sparks, 2002), and the 

coupling of magma and host-rock through magma buoyancy (e.g. Lister, 1991). How magmas 

flow, and how flow is preserved in the rock record during the emplacement and evolution of 
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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 host-rock (e.g. Bons et al., 2015; 

Holness et al., 2017a; Kavanagh et al., 2018b). 

There are two dominant models that explain the solidification of sheet intrusions, 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 colder host-rock 

and solidifies as a single unit via conductive cooling from the contact regions (e.g. Huppert 

and Sparks, 1989; Wartho et al., 2001; Petcovic and Dufek, 2005). This is often inferred from 

the presence of chilled margins at the contacts, and from symmetrical patterns of magma 

composition and mineral proportions across the interior of the solidified magma (e.g. Holness 

and Humphreys, 2003; Féménias et al., 2004). The second model is typically applied to thick 

intrusions (>10 m) where large volumes of magma are emplaced by multiple pulses which 

intrude in rapid succession into the same intrusion and homogenise (e.g. Annen, 2011; 

Menand, 2011; Holness et al., 2017a). There is good evidence that these relatively large 

volumes of magma can cool by convection (e.g. Holness et al., 2017a). Evidence of convection 

includes asymmetrical changes in chemistry, mineralogy, crystal preferred orientation and 

grain size distribution across the breadth of an intrusion (e.g. Holness and Humphreys, 2003; 

Holness et al., 2017a; Nicoli et al., 2018).  

Rock structures such as macroscopic ropey surface textures (e.g. Liss et al., 2002; Schofield, 

2009; Hoyer and Watkeys, 2017), strained and elongated vesicles (e.g. Coward, 1980; Varga 

et al., 1998; Hoyer and Watkeys, 2017), surface grooves, scour marks and striations (e.g. 

Smith, 1987; Varga et al., 1998) and steps, bridges and broken bridges (Thomson, 2007; 

Schofield, 2009; Magee et al., 2019) have been used to interpret local magma flow direction 

in ancient eroded magmatic intrusions. Microscale fabrics that potentially record magma 

flow include crystal preferred orientations (e.g. Geoffroy et al., 2002; Holness and 

Humphreys, 2003) and rock magnetic fabrics (e.g. Knight and Walker, 1988; Staudigel et al., 

1992; Chadima et al., 2009; Magee et al., 2012). These microscopic fabrics are useful as they 

can record processes such as simple shear (e.g. Correa-Gomes et al., 2001), which can occur 

within both stationary and moving material (e.g. Holness et al., 2017a; Kendrick et al., 2017). 

When macroscale and microscale observations are used in combination (e.g. Mattsson et al., 

2018), more complex emplacement histories can be unravelled. Studying two or (pseudo) 

three dimensional sections through crystallised bodies exposed by erosion (e.g. Summer 

Coon volcano, Colorado; Poland et al., 2004), can help to reconcile intrusion geometries and 
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flow patterns inferred from geophysical surveys (e.g. Thomson and Hutton, 2004; Thomson, 

2007; Chadwick et al., 2011; Magee et al., 2018) and scaled analogue models (e.g. Kavanagh 

et al., 2006, 2015; Závada et al., 2009; Abdelmalak et al., 2012; Arbaret et al., 2013). An 

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 (AARM), are commonly used to determine magma 

flow trajectories, with many studies applying one or both techniques to rock samples 

collected from dykes (e.g. Knight and Walker, 1988; Staudigel et al., 1992; Poland et al., 2004; 

Chadima et al., 2009; Silva et al., 2010) and sills (e.g. Liss et al., 2002; Polteau et al., 2008; 

Hrouda et al., 2015; Hoyer and Watkeys, 2017) of 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 

simplification 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 emplacement (e.g. Correa-Gomes 

et al., 2001) or post emplacement alteration (e.g. Trindade et al., 2001; Archanjo and 

Launeau, 2004), have 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 magnetic analyses of closely-spaced 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 applications of 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 emplacement 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 Geological setting 

To investigate 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 very high density, 

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 Trotternish Penninsula in the Isle of Skye fulfil all 

these criteria, and was therefore the ideal site where to conduct our study.  

 

 

Figure 3.1 Simplified geological map of the Isle of Skye (modified after EDINA Geology 

Digimap Service, 2008) showing location of Inver Tote (Red Star). (B) Geological map of 

disused quarry near Inver Tote, Isle of Skye, Scotland. Palaeogene age crinanite (CS) and 

picrite sills (PS) (green and white respectively) of the Little Minch Sill Complex, British and 

Irish Palaeogene Igneous Province, have intruded Jurassic sedimentary rocks (JS, orange). 

Cross cutting the area are two basaltic dykes (red). Locations of magnetic sampling sites 

are marked G1-4 in the SW end of the quarry. 

Frontiers 
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The Trotternish Peninsula is located in the north of the Isle of Skye, Northwest Scotland 

(Figure 3.1A). It is a 33 km long peninsula comprising a succession of Middle Jurassic 

sandstones and mudstones (~168 Ma) (Hudson and Trewin, 2002) capped by basaltic lava 

flows of the Skye Lava Group (~60 Ma) (Harris and Hudson, 1980; Gibb and Gibson, 1989; 

Emeleus and Bell, 2005). The 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 post-date the Skye Lava Group (Schofield, 2009; Hughes 

et al., 2015). The sills vary in composition from picrite (>40% olivine) to picrodolerite (15-40% 

olivine) to crinanite (analcime bearing olivine dolerite with <15% olivine) (Gibb and 

Henderson, 1984; Gibson and Jones, 1991; British Geological Survey, 2007). At a later stage, 

the region was crosscut by a series of NW-SE trending mafic dykes from the Skye Dyke Swarm 

(Hughes et al., 2015), a part of the North Britain Palaeogene Dyke Suite (Emeleus and Bell, 

2005).  

Structural mapping and rock sampling were conducted in an easily accessible quarry near 

Inver Tote (NG 51863 60609) (Figure 3.1) where a crinanite sill and a picrite sill (Figures 3.2A-

B) have intruded sandstones and mudstones of the Elgol Sandstone Formation (Harris and 

Hudson, 1980). A combination of partially evolved olivine-bearing alkali-basalt parental 

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 

NNW-SSE trending faults that cross-cut the sills (British Geological Survey, 2007). Within the 

quarry, two dykes from the Skye Dyke Swarm crop out parallel to the NNW-SSE 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 Jones (1991) we infer that the resistant and exposed 

upper flat-lying 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 

Schofield (2009). Schofield (2009) also suggested 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 000/05º W, however 

it is undulose and trends 143/13̄ SW in the southern part of the quarry and 039/10 ̄NW in 

the northern part. The underlying picrite sill is >15 and up to 42 metres thick (Gibson and 

Jones, 1991). There is a chilled margin at the base of the crinanite sill, however columnar 

jointing is continuous across the margin (Figure 3.2B).  
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Within the crinanite, there are a series of horizontally elongate and laterally extensive gabbro 

lenses up to a 10 cm in thickness (Figure 3.2B-C). These are similar in composition to 

pegmatitic gabbro lenses mentioned by other authors who have published on the area (e.g. 

Gibson and Jones, 1991; Nicoli et al., 2018). There are also occasional amygdale rich bands 

throughout the thickness of the sill (Figure 3.2Bii). Vesicles are up to several centimetres in 

size; the smaller ones are spherical, but larger ones 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 the area does not mention a crystal cargo within the crinanite at Inver Tote 

(e.g. Gibson and Jones, 1991), however it is present in other sills in the region such as the 

Shiant Isles picrodoleritie/crinanite unit (Holness et al., 2017a) and the Dun Raisburgh 

Figure 3.2 Field photographs of crinanite and picrite sills that crop out in a quarry at Inver 

Tote. (A) Overview panoramic photograph showing magnetic sampling sites (G1-4), and 

the blue and red boxes are the locations of photos (B and D). (Bi) Photograph showing a 

crinanite sill, a picrite sill and a basaltic dyke. The red box is the location of photograph 

(C), and (Bii) is an interpretive drawing of (Bi) which shows the location of the units 

present. (C) Photograph of the lower portion of the crinanite sill showing the gabbro 

lenses. (D) Photograph of drill holes across the lowest 3 m of sampling heights in the 

crinanite sill (location G1). 

and 

Frontiers 



Chapter 3: The origin and evolution of magnetic fabrics in a mafic sill 

 
56 

crinanite (Nicoli et al., 2018) which have an approximant 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 formational processes, determine 

rock ages, and palaeocurrent or flow trajectories (e.g. Blundell, 1957; Tauxe, 2010).  Rock 

magnetism is often used to determine models of emplacement of dykes and sills, magma 

flow trajectories, and to infer intrusion source locations (e.g. Olazabal et al., 1999; Poland et 

ŀƭΦΣ нллпΤ hΩ5ǊƛǎŎƻƭƭ Ŝǘ ŀƭΦΣ нллсΤ aŀƎŜŜ Ŝǘ ŀƭΦΣ нлмуύ. In this study, we use anisotropy of 

magnetic susceptibility (AMS) and anisotropy of anhysteretic magnetisation (AARM) to 

understand variations in magma flow trajectories, and to decipher magma flow and 

solidification processes across the breadth of the crinanite sill.  

Magnetic susceptibility is the study of how susceptible a sample is to gaining an induced 

magnetic field (Knight and Walker, 1988; Raposo and Ernesto, 1995) and is affected by the 

domain state, shape, size and orientation of all magnetic minerals (dia-, para- and ferro-

magnetic) present in the sample (Khan, 1962). AMS is then the directional-dependent 

response of the magnetic minerals within the sample to the applied field (Knight and Walker, 

1988; Raposo and Ernesto, 1995). Some phases, such as magnetite, often dominate the 

magnetic signal when present (e.g. Hargraves et al., 1991), however, this is dependant on the 

proportion of other magnetic minerals present. AARM differs from AMS in that it is used to 

study the fabric originating from magnetic remanence carrying grains, which tend to be 

single-domain (SD) or vortex-state (VS) in nature (McCabe et al., 1985; Jackson, 1991). The 

AARM fabric that the ferromagnetic minerals exhibit is linked to their ability to obtain an 

anhysteretic remanence (laboratory magnetisation). The ferromagnetic minerals that give 

rise to the AARM signal often occur as silicate mineral-hosted magnetites (Cheadle and Gee, 

2017).  

Magnetic susceptibility (K) is defined as; 

ὑ                       (3.1) 

where Mi is the degree of induced magnetization and H is 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 eigenvectors: K1, K2 and K3, where K1 is the longest 

axis, K2 is the intermediate axis and K3 is the shortest axis (Knight and Walker, 1988). The 

ratio between the magnitudes of the different tensor axes gives rise to a range of ellipsoid 
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properties: lineation (L), foliation (F), degree of anisotropy (Pj) and shape parameter (T). 

There are four different shapes exhibited by an AMS ellipsoid: spheroidal (K1 = K2 = K3), oblate 

(K1 > K2 = K3), prolate (K1 = K2 > K3) and tri-axial (K1 > K2 > K3) (Tauxe, 2010). Ellipsoid tensor 

shapes can be used to interpret magmatic fabrics (e.g. Knight and Walker, 1988). Prolate 

shaped ellipsoids are commonly known as magnetic lineation (Table 3.1), being similar to the 

long axis of elongate crystals in magmatic rocks (Geoffroy et al., 2002). In comparison, oblate 

shaped ellipsoids give rise to magnetic foliation (Table 3.1), similar to the planar arrangement 

of tabular phenocrysts. AARM also utilizes a second order ellipsoid tensor, with the same 

ellipsoid descriptions, and is defined as K(rem) which is calculated by averaging different 

directions of imparted anhysteretic remanent magnetisations.  

 

Parameter Solution 

Mean Susceptibility Km (K1+K2+K3)/3 

Lineation L K1/K2  

Foliation F K2/K3  
Corrected degree of 
anisotropy 

Pj Ὡὼὴς – – – – – –  

Shape parameter T (2 2́ ς ́ 1 ς ́ 3) / (́ 1 ς ́ 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., 1998). AMS has commonly 

been used to understand intrusive processes with many studies implementing the technique 

to interpret the observed fabrics (e.g. Knight and Walker, 1988; Staudigel et al., 1992; Roni 

et al., 2014). AARM has been used in many studies to infer the emplacement processes of 

dykes (e.g. Chadima et al., 2009; Silva et al., 2010; Soriano et al., 2016) and the Stillwater 

Igneous Complex, Montana, USA (Selkin et al., 2014), with only one study applying the 

technique to study sill emplacement (Hrouda et al., 2015). 

When the AMS K1 axis is aligned with the long axis of the magnetic crystals (and phenocrysts 

when present) or with AARM K1 axis, and these are parallel to intrusion margins, this is known 

as a normal fabric (Rochette et al., 1992; Ferré, 2002; Chadima et al., 2009). In this case the 

K3 axis are also parallel to the short axis of a crystal or the AARM K3 axis, i.e. magnetic 

lineation and magnetic foliation are both parallel, and can be used to infer the magma flow 

Table 3.1: Anisotropy parameters used by Anisoft software and can be found in 

Jelínek (1981). K1, K2 and K3 are principal susceptibility axes, with 1́, ́ 2 and ́ 3 being 

their natural logarithms with ́ = (́ 1 + ́ 2 + ́ 3)/3. 
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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 at a no-slip 

boundary with the host-rock (e.g. Knight and Walker, 1988; Rochette et al., 1992). In these 

situations, the imbricated magnetic lineation and foliation can be used to interpret the sense 

of magma flow during initial emplacement (Chadima et al., 2009; Geoffroy et al., 2002). 

Inverse fabrics occur when the AMS K1 and K3 axes are inverted with respect to crystal long 

axes or AARM K1 and K3 axes and the intrusion margins. In these situations, the origin of 

inverse fabrics is often related to SD crystals dominating the magnetic fabric (Potter and 

Stephenson, 1988; Rochette et al., 1992; Ferré, 2002). Anomalous fabrics are characterised 

by AMS and AARM ellipsoids with axes in orientations 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 multi-domain (MD) particles that produce the fabrics (Potter 

and Stephenson, 1988; Rochette et al., 1991), and processes such as syn- or post 

emplacement shear along the crack (Dragoni et al., 1997; Clemente et al., 2007), alteration 

(Rochette et al., 1991), or cooling contraction (Hrouda 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 ~45 m of sill length due to 

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

finger-like morphology described by Schofield (2009). 

Seventy-eight 2 cm diameter cores, up to 10 cm long, were collected at 50 cm intervals 

spanning the 6-metre thickness of the crinanite sill and spread laterally across 4 sample sites 

(G1-4 in Figures 3.1 and 3.2A). The samples were collected using a chainsaw motor-driven 

Stihl BT45 core drill. Six cores were collected at each 50 cm height interval (Figure 3.2D, Table 

3.2). There 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 in-plane with the sill, and were oriented in situ using both sun 

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 hand-sized 

oriented and unoriented rock samples were taken for basic petrographic analysis (Table 3.2). 
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Height (m) Description Thin sections 
from hand 
specimens 

Samples for AMS/AARM analysis 

Number of 
cores 

Number of specimens 
obtained from cores for 
use in magnetic analysis 

0 Crinanite, 
including chilled 

margin 

LMS-6,     
LMS-19-0m 

6 13 

0.3 Gabbro lens LMS-5b-h, 
LMS-5b-v 

n/a n/a 

0.5 Crinanite - 6 12* 

1.0 Crinanite LMS-19-1m 6 11 
1.5 Crinanite - 6 9 
2.0 Crinanite LMS-19-2m 6 10* 
2.5 Crinanite - 6 10 
3.0 Crinanite LMS-7, 

LMS-19-3m 
6 11* 

3.5 Crinanite - 6 11* 
4.0 Crinanite LMS-19-4m 6 12* 
4.5 Crinanite - 6 12* 
5.0 Crinanite LMS-19-5m 6 12* 
5.5 Crinanite - 6 12 
6.0 Crinanite LMS-8,     

LMS-19-6m 
6 12 

 

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 sampling height and taking 

three approaches: 1) multi-technique analysis using a variable field translation balance 

(VFTB), 2) high temperature susceptibility, and 3) three-component thermal 

demagnetisation, known as the Lowrie method (Lowrie, 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 carriers 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 measuring the magnetization to see how well the sample takes the applied field, 

Table 3.2: Table showing the location and heights of thin sections for petrology and 
the number of cores collected for magnetic anisotropy studies. The number of 
specimens cut from the cores is also shown; *represents heights where one less 
specimen was used for AARM analysis. 
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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 to -800 mT. Hysteresis was then measured during the 

application of a field in one direction, then when the field is inverted and then in the original 

direction again. Finally, each sample underwent cyclic heating and cooling in a constant high 

field of 240 mT from 50 ̄ C to 200 ̄ C then back to 50 ̄C, before repeating and increasing the 

maximum temperature in 100 ̄C intervals for each cycle, up to a maximum temperature of 

700 ̄ C. 

This determined the Curie temperatures of each of the magnetic carriers, which are specific 

to mineral composition. Data was subsequently analysed using the RockMagAnalyzer 1.0 

software (Leonhardt, 2006). 

High temperature susceptibility measurements were performed on fresh crushed samples 

from the core offcuts using the MFK-1A Kappabridge from AGICO (Advanced Geoscience 

Instruments Company). The temperature was incrementally increased from 30 C̄ to 700 ̄C 

and then decreased back to 40 C̄ with the magnetic susceptibility measured incrementally. 

The data was then analysed using the Cureval8 software from AGICO (Chadima and Hrouda, 

2012).  

Three-component thermal demagnetisation experiments using a modified 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 grain is overcome by thermal 

fluctuations resulting in its demagnetisation. In these experiments, the different strength 

fields are applied to a core specimen, after AMS and AARM analyses were performed on the 

specimen, in decreasing magnitudes along the X, Y and Z axes of a representative cylindrical 

sub-specimen. The field strengths used were: x-axis of 1.5 T, y-axis of 0.4 T and z-axis of 0.02 

T, which are the limits of the pulse magnetisers used, and were also chosen to identify 

specific phases identified during other thermomagnetic characterisation experiments. Each 

specimen was then heated and cooled in steps of between 20 and 50 C̄, up to a maximum 

of 620 ̄C. These temperatures were chosen as temperatures where we believe the magnetic 

remanence is predicted to change 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 MFK1-A Kappabridge from AGICO using an applied 

field of 200 A m-1 and a frequency of 967 Hz, where each specimen was rotated along three 
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axes whilst a magnetic field was induced and measured before being processed into a mean 

tensor and projected onto a stereonet using AGICOôs Safyr7 software (Chadima et al., 2018c). 

The AMS tensor three-axis orientations were analysed in AGICOôs Anisoft4.2 software 

(Chadima and Jelinek, 2009) for processing anisotropy data, utilising Jelinek statistics (Jelínek, 

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

Measurement of AARM was undertaken using a JR-6A dual speed spinner magnetometer, 

LDA5 alternating field (AF) demagnetiser and PAM1 anhysteretic and pulse magnetiser from 

AGICO. Each specimen underwent a multi-stage 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 magnetometer and Rema6 instrument control software (Chadima et al., 2018b), 

before demagnetisation in a 100 mT alternating current (AC) field using the LDA5 AF 

demagnetiser. An anhysteretic remanent magnetisation was then applied to each sample in 

incrementally increasing direct current (DC) fields up to 500 T˃, with subsequent 

measurements using the JR-6A and Rema6 software to determine the saturation 

magnetisation for each specimen. As the peak capable 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 subsequently analysed using the Anisoft42 software (Chadima and Jelinek, 2009) to 

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 (Table 3.2) using Meiji MT9000 and NIKON 

Eclipse LV100Pol polarising microscopes. Seven of these samples, collected at 1 m intervals 

across the sill thickness, were oriented during collection and their thin sections were made 

in a N-S orientation that was perpendicular to the sill plane. Three additional un-oriented 

samples were collected from the central region, upper and lower contacts of the sill, and two 

samples were analysed from the gabbro lenses. Micro-scale 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. Quantitative Element Mapping using 

Scanning Electron Microscopy (QEMSCAN) was conducted on a FEI WellSite QEMSCAN for 

analysis of geochemistry from energy dispersive X-ray spectrometry. The Wellsite QEMSCAN 

SEM used a W-filament, operating at 15 kV. Two different measurement resolutions of 2 and 
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20 µm were used for QEMSCAN elemental mapping of the entire thin sections (up to 2 mm 

from each side). 

3.6 Results 

3.6.1 Rock Magnetism  

3.6.1.1 Thermomagnetic Experiments 

Thermomagnetic curves of in-field magnetisation (Figures 3.3Ai-iv) 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 associated with incomplete oxyexsolution and 

resulting in the production of a higher Ti-titanomagnetite 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 Temperature Susceptibility Experiments 

High temperature susceptibility measurements on one sample from each height through the 

crinanite sill show similar patterns in both heating and cooling curves (Figure 3.3Bi-iv). During 

heating, the large drop in magnetisation at around 480 ̄C signifies the Curie temperature has 

been met and corresponds with the presence of low Ti-titanomagnetite (~Ti10, i.e. 

titanomagnetite with approximately 10% Ti-content) for all samples (Akimoto, 1962). In all 

cases, the cooling curves do not follow the same trend as the heating curves, indicating that 

heating-induced alteration occurred. We interpret these results to mean a small amount of 

magnetite and a large amount of a Ti-rich titanomagnetite (possibly around Ti50) was 

produced during heating, however some of the original low Ti-titanomagnetite remained 

(Figure 3.3Bi-iv).  
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3.6.1.3 Lowrie Experiments 

Results from the modified Lowrie 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 

3.3Ci-iv), which is indicative of a range of Ti-titanomagnetite compositions. There is also a 

decrease in the relative proportion of the 0.02 T signal compared to the 0.4 T signal with 

Figure 3.3 Graphs showing data from (A) cyclic thermomagnetization, (B) high 

temperature susceptibility and (C) three component thermal demagnetization 

experiments for identification of magnetic carriers at select heights through the crinanite 

sill (see Table 2): (i) 6 m (the upper contact, sample 6.0b-G4), (ii) 4.5 m (sample 4.5a-G3), 

(iii) 3.5 m (sample 3.5a-G3), and (iv) 0 m (the lower contact, sample 0.0a-G1). In (A,B) the 

red curves are heating measurements and blue curves are cooling measurements. 

Background colours in (B,C) represent the two AMS and four AARM groups. 
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increasing height through the sill (Figures 3.3Ci-iv). This indicates a fining of the grain size due 

to a decrease in the amount of a softer, more multi-domain phase being detected by the 0.02 

T strength signal. The unblocking temperature also increases from 560-570 ̄ C at the margins 

of the sill to 580-600 ̄ C towards the centre of the sill (Figure 3.4a), which possibly relates to 

the longer cooling time away from the margins allowing oxyexsolution 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, 1977) where all samples fall within the VS region, but the 

samples at 0-50 cm heights plot closer to the MD region (Figure 3.4b) 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 saturation). 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. 

 

 

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 (Figure 3.5a). The combined measurements of all 147 specimens from the sill 

show an oblate AMS fabric, with the mean K1 axis showing a shallow inclination to the north 

Figure 3.4 Graphs showing results from experiments to identify the magnetic carriers and 

their domain states at each 0.5 m height across the crinanite sill thickness. (A) Unblocking 

temperatures against height, obtained from three component demagnetization 

experiments (modified Lowrie method), where the vertical dashed line separates the AMS 

groupings, and (B) Day plot showing single-domain (SD), vortex-state (VS) and multi-

domain (MD) states, where Bcr/Bc is coercivity of remanence relative to bulk coercivity 

and Mrs/Ms is the remanent magnetic saturation relative to magnetic saturation 

calculated from hysteresis experiments. In both plots, circles indicate AMS group A and 

squares indicate AMS group B, and the colours indicate the 4 AARM groupings identified 

from ellipsoid orientations in Figure 3.6. 

FIGURE 
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east (Figure 3.5a). The overall mean K3 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. mean K1 orientation of 44.7° ± 46.5° declination with an inclination of 6.9° ± 

21.5° (see Table 3.3). 

 

 

Equal area diagrams displaying the data separated into their respective heights shows 

distinct variations in AMS fabrics across the crinanite sill thickness (Figure 3.6a). The mean 

orientation of the tensors varies with height, with the K1 axis in a broadly N-S orientation at 

the bottom contact, rotating to a NE-SW orientation between 0.5 and 5.0 metres in height, 

and rotating back to a N-S orientation at 5.5-6.0 metre heights (Figure 3.6a). The mean K3 

short axis is close to perpendicular to the sill plane, except between 3.0 and 4.5 m where 

they are inclined to either the south-east or south-west. At the 4.0-4.5 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 the K1 axis has a declination of 40.5° ± 40.9° and an inclination of 27.2° ± 

34.3° (see Table 3.3). A small increase in Km from 9.43 x 10-3 to 1.5 x 10-2 is observed from 0 

to 1.0 m, after which Km becomes more constant with a peak in mean susceptibility of 1.77 x 

10-2 occurring at 3.5 m height (Figure 3.7Ai). Both magnetic lineation and magnetic foliation 

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

3.7Aii-iii). The AMS foliations are consistently near parallel to the sill plane. However, at the 

lower margin the AMS foliation dips slightly towards the north (similarly to the K1 axis). We 

Figure 3.5 Equal area plots of data from all specimens for both (A) AMS data (N = 147) 

and (B) AARM data (N = 137) with (Bi) representing data for all axes and (Bii) showing a 

contour plot of K1 axes. K1 axes are blue squares, K2 axes are green triangles and K3 axes 

are purple circles. Solid lines are the 95% confidence ellipses calculated by Anisoft 4.2. 

Solid black line represents the sill plane and the dashed black line represents the magnetic 

foliation plane. 
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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 margin suggests 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 the K1 (3-3.5 m) or K2 (4-4.5 m) axes, by approximately 50° and 60° 

respectively. Low degrees of anisotropy (mean Pj values less than 2%) indicate that the 

ellipsoid shapes are close to spherical (Figure 3.7Aiv) suggesting a near uniform orientation 

of the larger MD magnetic minerals. The shape of the ellipsoid tensors (shown mostly by 

variations in the mean shape (Figure 3.7Av) 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, F, Pj, T) show oscillatory 

trends throughout the sill thickness and as such cross the identified group boundaries. Group 

A fabrics (orange vertical bars in Figure 3.6A) are characterised by the mean K1 axes that are 

trending in a N-S orientation with the mean k3 axes perpendicular to the sill plane. It occurs 

at the lower sill margin (0 m) where it contacts the underlying picrite sill and the upper sill 

margin (5.5-6 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 height sample) and <1.5 m thick at the upper contact (evident in the 5.5 m and 6 m 

height samples).  Group B fabrics (green vertical bar in Figure 3.6A) are characterised by the 

mean K1 axis trending in a NE-SW orientation, with the mean K3 axis still vertical but 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 (0.5 ς 5 m).  
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AMS 

Height 
Number of 
Specimens 

K1 K2 K3 

k1/1 Declination Inclination k2/1 Declination Inclination k3/1 Declination Inclination 

Overall 147 1.003 44.7 ± 46.5 6.9 ± 21.5 1.001 313.2 ± 46.3 11.7 ± 30.2 0.996 164.4 ± 30.9 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 ± 13.8 0.991 183.3 ± 14.8 70.5 ±   8.7 

0.5 12 1.004 234.8 ± 11.2 7.3 ±   5.9 0.999 324.9 ± 21.1 0.2 ±   8.5 0.996 56.8 ± 20.8 82.7 ±   8.5 

1.0 11 1.003 235.2 ± 44.9 2.1 ± 12.3 1.002 145.0 ± 44.9 5.2 ± 13.2 0.995 347.5 ± 16.0 84.4 ±   8.4 

1.5 9 1.008 240.7 ± 23.7 9.3 ± 12.8 1.001 332.1 ± 28.4 8.0 ±   7.5 0.990 102.1 ± 19.1 77.7 ± 12.7 

2.0 10 1.004 238.8 ± 14.3 4.7 ±   4.8 0.999 148.0 ± 43.4 9.8 ±   9.4 0.997 354.1 ± 42.9 79.1 ±   4.9 

2.5 10 1.004 230.6 ± 27.5 4.9 ±   7.5 1.001 321.3 ± 27.4 8.4 ± 12.0 0.995 110.7 ± 12.9 80.3 ±   6.1 

3.0 11 1.004 51.3 ± 41.9 14.7 ±   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 ±   8.9 0.999 323.8 ± 61.5 49.9 ±   9.5 0.997 159.1 ± 61.6 39.9 ±   9.4 

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 

4.5 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 

5.5 12 1.003 342.8 ± 35.9 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 ± 15.9 1.0 ±   8.5 0.995 206.6 ± 16.9 78.2 ±   8.1 

AARM 

Height 
Number of 
Specimens 

K1 K2 K3 

k1/1 Declination Inclination k2/1 Declination Inclination k3/1 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 ± 44.4 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 ± 59.8 44.0 ± 12.1 0.990 82.1 ± 59.9 21.5 ± 17.1 

1.5 9 1.030 193.7 ± 15.9 40.6 ±   8.4 0.990 291.9 ± 28.6 9.5 ± 14.4 0.980 32.6 ± 28.7 47.9 ±   8.9 

2.0 9 1.012 223.9 ±40.7 65.4 ±   9.7 1.001 47.8 ± 41.7 24.5 ± 24.0 0.987 317.1 ± 26.7 1.5 ±   9.7 

2.5 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 47.9 ±   6.5 0.992 2.9 ± 20.4 42.1 ±   8.9 0.974 272.5 ± 20.4 0.4 ± 10.9 

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 51.5 ± 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 ± 35.8 1.0 ± 17.5 

5.0 11 1.028 162.4 ± 25.2 35.4 ± 11.9 0.988 318.7 ± 66.7 52.2 ± 11.8 0.984 64.0 ± 66.7 11.6 ± 24.1 

5.5 12 1.044 107.3 ± 11.3 33.9 ±   8.6 0.986 302.4 ± 19.7 55.1 ±   8.7 0.971 202.1 ± 20.2 7.1 ± 10.1 

6.0 12 1.049 112.7 ± 16.1 28.1 ±   3.4 0.981 297.1 ± 26.3 61.8 ±   5.5 0.970 203.6 ± 26.3 1.9 ±15.3 

 

Table 3.3: Table showing the location and heights of thin sections for petrology and 
the number of cores collected for magnetic anisotropy studies. The number of 
specimens cut from the cores is also shown; *represents heights where one less 
specimen was used for AARM analysis. 
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Figure 3.6 Equal area plots 

showing (A) AMS measurements 

and the location of two AMS 

groups and (B) AARM 

measurements and the location of 

four AARM groups at different 

heights across the crinanite sill 

thickness. The number of 

specimens (N) used for each 

technique at each height is shown 

in the upper right of each plot. For 

all plots the K1 axes are blue 

squares, K2 axes are green 

triangles and K3 axes are purple 

circles, and the coloured solid lines 

are their respective 95% 

confidence ellipses. The solid black 

line represents the sill plane and 

the dashed black line represents 

the magnetic foliation plane. 
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3.6.3 Anisotropy of Anhysteretic Remanent Magnetisation 

Similarly to the AMS data, to visualise the AARM fabrics across 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 fabrics across the sill thickness. The overall orientation of all 

the AARM specimens show a mean K1 axis dipping towards the south (blue squares, Figure 

3.5Bi). However, within these data there are two distinct populations of ellipsoid long axis: 

the first and larger cluster is dipping towards S-SSW, and the second smaller population has 

a shallower dip towards the ESE (see contour plot of K1 axes, Figure 3.5Bii). The large amount 

of scatter associated with the K2 and K3 ellipsoids has given rise to wide ranging 95% 

confidence angles for which most of the populations for these do not reside, e.g. K2 mean 

direction of 255.5° ± 62.3° declination and 4.2° ± 51.8° inclination (Table 3.3).  

Figure 3.7 Graphs showing (A) AMS and (B) AARM measurements at specific heights 

across the crinanite sill thickness: (i) mean susceptibility Km, (ii) lineation, (iii) foliation, 

(iv) degree of anisotropy Pj, and (v) shape parameter T. In all plots the symbol position 

(square, circle, or diamond) shows the mean measurement, the horizontal error bars show 

the 95% confidence intervals, and the crosses show the minimum and maximum values. 
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Similar to the AMS fabric analysis, when the AARM data are separated into their respective 

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 

K1 axis that shallowly dips 10.6° towards the north (Figure 3.6B, Table 3.3). The confidence 

angles are almost horizontal with K1 and K2 overlapping. The mean K3 axis is almost vertical, 

75.6° inclination with an overall oblate fabric. Group 2 is the thickest group, occurring 

between heights of 0.5-4.0 m and is characterised by the mean K1 axes becoming more 

inclined towards the N-NE (dipping moderately to steeply towards the S-SW) and better-

constrained confidence angles (see Table 3.3). Compared to AARM fabric Group 1, the 

ellipsoid shapes have become tri-axial to prolate with means of 0.1 to -0.5 (Figure 3.7Bv). 

AARM fabric Group 3 is found at the 4.5-5.0 m heights, where the mean ellipsoid long axes 

begin to rotate around the vertical towards the south-east (Figure 3.6B). Finally, AARM fabric 

Group 4 is associated with the upper margin region (5.5-6.0 m), where the mean ellipsoid k1 

axes shallowly dips to the ESE (Figure 3.8B), the mean K3 fabric is horizontal and oriented in 

a NNE-SSW direction.  

Across the thickness of the sill some gradual changes in the properties of the AARM fabrics 

were observed. The mean Krem gradually increases from 2.3 x 104 to 5.1 x 104 with increased 

height from 0 to 3.5 m where it remains constant to the upper margin (Figure 3.7Bi). The 

degree of lineation also increases through the sill (Figure 3.7Bii). The foliation at the lower 

margin is considerably larger than the rest of the sill, up 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 a range of directions. It should be noted that the AARM fabrics are 

dominated by prolate ellipsoids (overall mean T of -0.26), which suggest that the magnetic 

lineation is better defined than 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 the lower contact where Pj is significantly larger (Figure 3.7Biv). 

The ellipsoid shapes (T parameter) also become more prolate with increased height through 

the sill, with means of -0.51 and -0.56 at 5.5 m and 6 m, respectively (Figure 3.7Bv) which is 

similar to lineation (Figure 3.7Bii). 

3.6.4 Composition and Petrographic Fabrics 

The overall mineralogy of the crinanite sill consists of plagioclase (50%), olivine (3%), chlorite 

(12-13%), augite (15-19%), other pyroxenes (~1%), amphiboles (6-8%), oxides (~2%) and 

other minerals (up to 8%) of which ~1% consists zeolites (including analcime). The variations 
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observed occur at different heights across the sill (Figure 3.8). Post-solidification alteration 

caused chlorite to form from olivine and amphiboles to form from pyroxene. The original 

mineralogy and their proportions were therefore: olivine (15% bottom, 15% middle and 16% 

top), pyroxene (26% bottom, 28% middle and 24% top) plagioclase (50±1%) and oxide 

minerals (~2%) (Figure 3.8D). These proportions of olivine indicate that the sill lithology 

straddles the boundary between crinanite and picrodolerite compositions based on the 

classification of Gibb and Henderson (1984). However, in this paper we will refer to it as 

crinanite for ease of comparison with other studies in the area (e.g. 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 (individual crystals to up 4 mm, e.g. 

Figure 3.9A) 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 phenocrysts (up to 2.5 mm, Figure 3.9B) and the second 

as subhedral to anhedral crystals (average of 1 mm diameter). The oxide phases 

(titanomagnetites and ilmenites) have grown both as isolated microcrystals from the 

crystallising interstitial melt and 0.1-1.3 mm crystal 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 of pre-existing mineral phases, such as 

plagioclases (Figure 3.9A). Up to 5 mm sized anhedral pyroxene (augite) oikocrysts ophitically 

enclose all other mineral phases.  



Chapter 3: The origin and evolution of magnetic fabrics in a mafic sill 

 
72 

 

Figure 3.8 Three QEMSCAN 

images and modal abundance 

estimates of crinanite thin 

sections from: (A) close to the top 

(LMS-8), (B) middle (LMS-7), and 

(C) close to the bottom (LMS-6) of 

the sill. Black scale bars represent 

2 mm, and all scans were made at 

the same scale, note the variation 

in crystal size across the three thin 

sections. (D) The modal 

abundances of mineral phases in 

each sample estimated by 

QEMSCAN. Note that in (D) green 

represents the sum of olivine and 

chlorite, as chlorite is interpreted 

to be altered olivine. The άOtherέ 

classification includes the 

locations of analcime.  
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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 mm in size (Figure 3.9D). 

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

 

 

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 emplacement and 

Figure 3.9 Photomicrographs from optical microscopy viewed with crossed polarized light 

(A,B,D) and a backscattered electron SEM image (C). (A) A stellate plagioclase (Plg) crystal 

from near the top of the sill (sample LMS-19-6 m), with ophitic augite (Aug) and 

unclassified oxides (Ox). (B) An olivine phenocryst (Ol) partly altered to chlorite (Chl) from 

the lower margin of the sill (sample LMS-6). (C) An ilmenite grain (Ilm) surrounded by 

titanomagnetite (TiMag) with exsolution lamellae, sampled from near the base of the sill 

(sample LMS-6). In the lower right corner, a small VS-SD sized crystal of interstitial TiMag 

can be seen which has crystallized from the interstitial melt. (D) Boundary of the crinanite 

with a gabbro lens indicated by yellow dashed line, with the left part of the image showing 

the gabbro lens (top) and the crinanite in the right part of the image (bottom). The sample 

is located near to the base of the crinanite sill (sample LMS-5b). In all photomicrographs, 

the oxides are located within interstitial spaces often growing alongside pre-existing 

plagioclase crystals. 
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solidification model for the crinanite sill we studied. I propose 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 of recorded flow 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 of flow (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 (Figure 3.мл!ύΥ !a{ DǊƻǳǇ ! ŀǘ ǘƘŜ ǎƛƭƭΩǎ ǳǇǇŜǊ ŀƴŘ ƭƻǿŜǊ ŎƻƴǘŀŎǘǎ 

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

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.  

 

 

Figure 3.10 Emplacement model for solidification of the sill inferred from magnetic and 

petrological fabrics. (A) Solidified crinanite sill showing AMS (Group A and B) and AARM 

groupings (Group 1 to 4). Dashed lines signify the approximate heights of the groupings. 

Columnar jointing (vertical solid lines) is continuous across the lower margin into the 

underlying picrite. (B) Micro-scale diagram showing both the larger MD sized particles 

growing on the edges of primocrysts that produce the AMS fabrics and pore-melt flow of 

interstitial fluid around plagioclase and olivine primocrysts to produce AARM fabrics. (C) 

Stellate plagioclase crystals and euhedral olivine phenocrysts present within the initially 

intruding magma. (D) Schematic diagram showing magma being emplaced between 

Jurassic sedimentary country rocks above and picrite sill below. Propagating solidification 

front from upper and lower margins is asymmetric due to varying host rock temperatures. 
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The AMS fabrics predominantly originate from larger MD titanomagnetite crystals, with the 

orientation of these crystals providing the orientation of the magnetic susceptibility 

ellipsoids. These crystals are inferred to have grown along the edges of pre-existing phases 

(Figures 3.9 and 3.10B), some of which may have been oriented by flow of the magma under 

simple shear conditions (e.g. Correa-Gomes et al., 2001). In the margin regions, the location 

of AMS Group A fabrics (Figure 3.6A), the AMS foliations have their K1 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 magma flow 

was to the south (Figure 3.11A). 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 around the vertical to a SW-NE 

orientation, which we infer to indicate reorientation of the magma flow direction during 

emplacement (Figure 3.11B), as the solidification fronts restricted the flow. The reason for 

this change in flow direction is unclear, but it may reflect the orientation of a more regional 

flow in a SW to NE direction (e.g. Liss et al., 2002). Its occurrence is broadly supported by the 

direction of stretched vesicles in the sill.  

 

 

Figure 3.11 Schematic diagram of initial sill emplacement as magma fingers which 

propagated to the SSE (A), which subsequently coalesced with diverted flow direction 

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 pre-existing mineral phases and as inclusions within the 

augite oikocrysts. I suggest the AARM magnetic lineation, created by the prolate nature of 

the ellipsoids, originates from in-situ melt-percolation flow and solidification of the 

interstitial melt through the interconnected pore spaces of a crystal mush after the sill had 

stopped growing (Figure 3.10B). At the lower margin the AARM signals are oriented in a N-S 

direction, representing AARM Group 1. However, in the upper margin region, the signals are 

reoriented in an E-W orientation (AARM Group 4) with the AARM fabrics in the interior of 

the sill separated into two groupings (2 and 3).  

The only height where AMS and AARM signals agree is at the lower margin (0 m height) where 

both fabrics show a NNW to SSE orientation of the mean K1 axes, which dips towards the 

NNE, a vertical orientation of the mean k3 axes, and an oblate shape (Figure 3.8). 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 the south, 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 magnetic 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 group A K1 signals are in a N-S 

orientation, however the AARM group 4 K1 signals are oriented in an ESE-WNW 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 the K1 axes are inclined to the WNW with respect to the sill plane and make 

up a larger proportion of the magnetic fabric (Figure 3.3C), suggest reorientation of flow 

during crystallisation of the interstitial melt as it flowed through pores in the crystal network, 

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 Schofield (2009) of similarly oriented finger-like sill morphologies in the area.  

Throughout the interior of the sill (0.5-5.0 m) the magnetic signals varied quite substantially 

and have been separated into one group for the AMS but two for AARM. The AMS K1 axes 

are shallowly dipping and orientated in NE-SW direction, however the AARM K1 axes are 

inclined towards the N-NE (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 melt (orientation of the AARM 

signals), similar to those of inverse fabrics observed in the upper margin region. This indicates 

that the flow reoriented to a NE-SW direction, with imbrication in the AARM signal compared 

with the sill margins suggestive of flow of the interstitial melt to the N-NE 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 which the flow of the interstitial melt changed direction and 

rotated around towards the W (4.5-5.0 m). 

Our samples were collected from 4 sites across the length of the sill (~45m) in a horizontal 

transect aligned approximately NE-SW and thus approximately parallel 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 at 5.0 m height (sites 3 and 4, ~25 m separation) clustered 

together (Figure 3.6). 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 fabric 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 (Figure 3.9A) and the larger euhedral olivine phenocrysts (Figure 3.9B) suggest these 

had space to grow unhindered, and so were likely surrounded by melt during crystallisation 

(Gibb and Henderson, 1996). The 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 crinanite sills (Gibb and Henderson, 

1996; Holness et al., 2017a) and the Dun Raisburgh crinanite sill of the Isle of Skye (Nicoli et 

al., 2018).  

The mineral textures suggest that small individual plagioclase crystals likely formed later and 

in situ once the sill propagation had ended (Gibb and Henderson, 1996; Holness, 2014). This 

large proportion of plagioclase present (50%) would have acted to create a rigid crystal 

network and prevent the flow of magma, as according to the Einstein-Roscoe equation a 

system becomes locked when up to 40% tabular crystals are present (Lejeune 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 spaces demonstrates 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 (Figure 3.9A 

and B). The lower proportion of augite observed in 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 Henderson, 2006). These mineral proportion and relationships suggest an 

initial emplacement temperature of the intruding crinanite magma of approximately 1180-

1200 °C (Nicoli et al., 2018). 

The textural relationship between the magnetic carriers (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 signal, used plagioclase and olivine as nucleation sites and grew from 

them into space which allowed them to grow larger becoming MD sized crystals (Figure 3.9C 

and 3.10B). In contrast, SD and VS titanomagnetites (<50 µm), that give rise to the AARM 

fabrics, have 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 melt-percolation flow through 

the permeable crystal network and were restricted by the available space (Figure 3.10B) 

(Oppenheimer et al., 2015). The 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 Thermal evolution 

The crinanite sill has intruded between an overlying sedimentary rock and an underlying pre-

existing picrite sill (Figure 3.10D). 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 picrite below (see 

Figures 3.2B, 3.10A and Gibson and Jones 1991). Thermo-mechanical 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 cooling through the 
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temperature range of 893-836 ̄ C (Lamur et al., 2018). If we apply this to our study, it suggests 

that the columnar joints we observe to span the crinanite-picrite 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 836 ɕC. However, as the lower margin 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 important role in 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: 

ὸ  .                     (3.2) 

where L is the half-thickness of the sill (3 m) and k is thermal diffusivity (4.5 x 10-7 (Hartlieb 

et al., 2016). Whereas, the 1D thermal model of Holness et al. (2012): 

†  πȢρ ρ ὧέί                    (3.3) 

where w is the sill thickness (m) and x is the position within the sill, calculates a solidification 

time by conduction of 185 ± 32 days. Therefore, both conduction 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 potentially be a larger contributing factor.  

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

consider is the Rayleigh number: 

Ὑὥ  
Ў

                     (3.4) 

where g is acceleration due to gravity (9.81 m/s2), h  is coefficient of thermal expansion, ɲ¢ is 

the temperature difference between magma and host-rock (°C), L is the characteristic length 

(m), µ is magma viscosity (Pa s) and k is thermal diffusivity (m2/s). For the crinanite sill we 

used; h  of 4 x 10-5 (Murase and McBirney, 1973), L of 3 m (half the sill thickness as cooling 

occurs from both margins), µ of 30 Pa s (Lesher and Spera, 2015) and k of 4.5 x 10-7 (Hartlieb 

et al., 2016). For ɲ¢ we use different values for the upper and lower margins: the temperature 

of the Jurassic sedimentary rock is assumed to have been 25 °C (assuming a standard 

continental geotherm, e.g. Furlong and Chapman, 2013), whereas 890 °C was used as the 

temperature of the underlying picrite sill, based on the upper temperature limit (Lamur et 
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al., 2018). The temperature of the intruding basaltic magma is assumed to have been 1200 

°C. Therefore, ɲ¢ of the upper and lower contacts was 1175 °C and 310 °C, respectively. 

Calculated Rayleigh numbers are therefore Ra = 2.35 x 105 for the lower margin and 9.22 x 

105 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 2772 (Fowler, 2004). 

Following this result, the time for the onset of convection is thus approximately 5 days, using 

the equation: 

ὸ                        (3.5) 

where l 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 conduction 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 was quenched 

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 conductively cooled 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 rock, due to smaller temperature differences 

with the host rocks. This would therefore produce an asymmetric cooling profile in the 

solidifying sill (Figure 3.10D). The warm floor of the sill would have acted to slow the inward 

propagation of the crystallisation front upwards from the lower margin of the sill (Figure 

3.10C), with the faster cooling front from the upper margin preserving a thicker region where 

cooling occurred by conduction (Figure 3.6 and 3.10D). The presence of gabbro lenses in the 

lower portion of the sill, along with coarsening in the grain size of the magnetic carriers with 

increased distance from the upper margin (Figure 3.4C), supports this interpretation of an 

asymmetrical cooling history.  

Huppert and Sparks (1989) developed three classifications for the types of chilled margins 

preserved in intrusions and how they form. They define the first type of 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 returning to conductive heat flux 
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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 melted. Based 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 contact where 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 the preservation 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 thermal 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 suggests 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 Mull (Holness and Humphreys, 2003). 

Within the sill interior, away from the margin regions and outside the calculated 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, Figure 3.6 and Table 3.3) are indicative of magnetic carriers that display 

a near-uniform orientation. When this is combined with the knowledge that convection 

occurred, it suggests that the pre-existing phases present prior to crystallisation of the 

magnetic carriers may have been given a uniform 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 intrusions (e.g. the Shiant Isles, Holness et al., 2017a) have identified the so-

ŎŀƭƭŜŘ ΨǎŀƴŘǿƛŎƘ ƘƻǊƛȊƻƴΩ όǘƘŜ Ŧƛƴŀƭ ǇŀǊǘ ƻŦ ǘƘŜ ǎƛƭƭ ǘƻ ŎǊȅǎǘŀƭƭƛǎŜ ŀƴŘ ǘƘŜ ƭŜǾŜƭ ǘƘŀǘ ǘƘŜ ǳǇǇŜǊ 

and lower boundary solidification fronts meet) to be quite high within the intrusion (c.100-

105 m within c.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 types 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 observatories are 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 key insights 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 

volcanic 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 understanding 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 flow of interstitial 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 process compared 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 it is a relatively time-consuming technique 

compared to AMS and requires equipment less commonly available. 

Field studies of intrusions are limited due to the exposures being restricted to two-

dimensional sections through the igneous body. Our high-resolution 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 solidification 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 emplacement 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 require a different field site as such sampling sections are not available at 

LƴǾŜǊ ¢ƻǘŜΣ ōǳǘ ǿƻǳƭŘ ǇǊƻǾƛŘŜ ǘƘŜ ƻǇǇƻǊǘǳƴƛǘȅ ǘƻ ǇƻǘŜƴǘƛŀƭƭȅ ŎŀǇǘǳǊŜ ǘƘŜ ǎƛƭƭΩǎ ǘƘǊŜŜ-

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 first to apply 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 the sill thickness. 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 are indicative of complex emplacement processes and cooling 

history; AMS fabrics relate to the initial magma flow, and the AARM fabric relates to pore-

melt flow of the interstitial liquid through the crystal mush. The underlying picrite sill may 

have slowed solidification 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 thermal boundary 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 relatively simple intrusion. 

Consequently, care needs to be taken when inferring magma flow from AMS as it may not be 
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reliable indicator of complex emplacement histories, as such reassessment of complex 

fabrics may be necessary to determine more accurate histories of magma flow. 
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Chapter 4: Multiple sources of magnetic fabrics in a dyke: 

Implications for syn- and post-emplacement processes 

This manuscript has been prepared for submission to the Journal Studia 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 

Dykes are one part of volcanic plumbing systems, that form key pathways for the transport 

and emplacement of magma within the crust. This study investigates the syn- and post-

emplacement processes associated with the emplacement of a mafic dyke. Fieldwork was 

undertaken on a basalt dyke, 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 a high-density sampling regime, I 

study the rock magnetic properties and associated anisotropy of magnetic susceptibility 

(AMS) and anisotropy of anhysteretic magnetization (AARM) fabrics spanning two profiles 

across the dyke-thickness separated by 13 m along the dyke strike. The magnetic fabrics 

originate from a mix of two predominant phases: a pseudo-single-domain pyrrhotite phase, 

which dominates the hydrothermally altered margin regions and a multi-domain 

titanomagnetite phase, which dominates the unaltered core region. The origin of the 

titanomagnetites within the dyke core represent fabrics associated with emplacement of the 

magma and suggest 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 through the 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 provide pathways through 

ǿƘƛŎƘ ƳŀƎƳŀ Ŏŀƴ Ŧƭƻǿ ǘƘǊƻǳƎƘ ǘƘŜ 9ŀǊǘƘΩǎ ŎǊǳǎǘ ƻƴ ƛǘǎ ǿŀȅ ǘƻ ǘƘŜ ǎǳǊŦŀŎŜΦ 5ȅƪŜǎ ŀǊŜ ƻƴŜ 

type of sheet intrusion and are subvertical (>80ɕ dip) in orientation, providing key pathways 

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

the formation of volcanic complexes or dyke swarms (Townsend et al., 2017). Only a small 

volume of magma (<10%)  propagates to the surface and erupts (Crisp, 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 multiple environments, 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 overpressure 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 subsequent fissure eruption, e.g. during the 2004-2005 activity at Piton de la 

Fournaise volcano, La Reunion (Peltier et al., 2008). Passive 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.g. ǘƘŜ 9ŀǎǘ wƛŦǘ ½ƻƴŜΣ YƛƭŀǳŜŀΣ IŀǿŀƛΩƛ (Fiske and Jackson, 

1972), or in areas of crustal extension which can be linked with mantle plumes (e.g. 

MacKenzie Dyke Swarm, Canada; Ernst and Baragar, 1992). 

Many studies have focussed on dyke emplacement mechanisms that include observations of 

field relationships (e.g. Delaney and Pollard, 1982; Smith, 1987; Kavanagh and Sparks, 2011) 

and through geophysical surveys (e.g. Chadwick et al., 2011; Hjartardóttir 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. Hjartardóttir et al., 2015; Sigmundsson et al., 2015). Numerical 

modelling (e.g. Gudmundsson et al., 1999; Yamato et al., 2012) and analogue modelling 

techniques (Tibaldi et al., 2014; Kavanagh et al., 2018a) are based on conceptual dyke 

emplacement models which are grounded in field and geophysical observations. Most of 

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

processes occurring 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 segmentation (e.g. Schofield et al., 2012b), 

ropey flow structures (e.g. Liss et al., 2002; Kavanagh et al., 2018a), scour marks (e.g. Smith, 

1987; Varga et al., 1998), stretched vesicles (e.g. Coward, 1980), crystal preferred 

orientations (e.g. Archanjo and Launeau, 2004) and magnetic fabrics (both anisotropy of 

magnetic susceptibility, AMS, and anisotropy of anhysteretic remanent magnetisation, 

AARM) (e.g. Knight and Walker, 1988; Callot et al., 2001; Chadima et al., 2009). Ropey flow 

structures and scour marks are only preserved in exceptional circumstances (e.g. Varga et al., 

1998; Kavanagh et al., 2018a) as such there is the need to study the microscale crystal, vesicle 
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and magnetic fabrics. Dyke contact regions where chilled margins are present record a 

history of initial magma flow, whereas the central regions of intrusions may preserve records 

of later stage flow reorientation, reactivation or channelization (e.g. Platten and Watterson, 

1987; Holness and Humphreys, 2003). A common assumption is that the predominant 

magma flow is vertical, however field evidence (e.g. Poland et al., 2004; Kavanagh et al., 

2018a) and recent analogue modelling (e.g. Kavanagh et al., 2018a) suggest lateral flow is 

common not only in dykes but also other sub-vertical to inclined sheet intrusions (Magee, 

2011). As such, understanding how magma flow fabrics vary across the breadth of intrusions 

is vital for determining more complete magma flow histories.  

Rock magnetism and magnetic anisotropy are used across multiple fields of geology as 

records for understanding rock histories; from determining rock ages to identifying 

depositional, tectonic or syn- and post-emplacement processes, using the properties of the 

magnetic minerals present (Blundell, 1957; Raposo and Ernesto, 1995; Tauxe, 2010).  In 

magmatic intrusions, rock magnetic techniques have been used to study models of 

emplacement and magma flow trajectories within plutons (e.g. Olazabal et al., 1999; Selkin 

et al., 2014), dykes (e.g. Knight and Walker, 1988; Staudigel et al., 1992; Varga et al., 1998; 

Clemente et al., 2007; Chadima et al., 2009) and sills (e.g. Hrouda et al., 2015; Závada et al., 

2017; Martin et al., 2019), and to infer the intrusion source locations (e.g. Poland et al., 2004; 

hΩ5ǊƛǎŎƻƭƭ Ŝǘ ŀƭΦΣ нллсύ. 

This study investigates how magnetic fabrics vary across basaltic dykes, by studying a ~2m 

thick basaltic dyke from the Isle of Skye, Scotland. Closely spaced samples, at 20-25cm 

separation across the dyke thickness, were collected from two transects (~13 m apart) for 

AMS and AARM analyses, to obtain a detailed understanding of the spatial variability of 

magnetic fabrics in dykes and their origins. The observed fabrics were interpreted in the 

context of field-based structural data and simple petrological analyses to understand how 

syn- and post-emplacement histories can be recorded in solidified 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 required. The chosen dyke 

would also benefit from having a well constrained tectonic history with no known tectonic 

overprinting events to simplify the analysis. The Isle of Skye has been intruded by the ~58 Ma 

Skye Dyke Swarm (SDS) (Figure 1A) and has been the focus of multiple studies for magnetic 
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(Herrero-Bervera et al., 2001), petrological and geochemical studies (e.g. Platten and 

Watterson, 1987; Hughes et al., 2015). As such it provides the exposure, 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 Skye (Figure 4.1A), 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 and Bell, 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 the sedimentary 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 strike of NW-SE. Both 

the LMSC and the SDS form a part of the 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 sampling (Figure 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 two NNW-SSE 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 crystals up to 1 mm 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 direction horizontally 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 ς 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 sized dykelets 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 damage zone surrounding the dyke. This study focusses 
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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 the dyke is evident from the orange colouration of the face compared with 

the inner dyke core (Figure 4.2Ai and Bi), with alteration of the dyke at site G6 also evident 

as red discolouration (Figure 4.2Di). This dyke provided the most opportunity for study and 

sampling due to its thickness and exposure. 

 

 

Figure 4.1 A) Simplified geological map of the Isle of Skye showing main groups of rocks 

(simplified from BGS, 2008; adapted from Martin et al., 2019). The main portion of the 

Skye Dyke Swarm and its general orientation is defined by the green lines, and Inver Tote 

quarry is identified by red star. Co-ordinates refer to the British National Grid. B) 

Geological map of the dykes sampled at the disused quarry near Inver Tote, Isle of Skye, 

Scotland. Jurassic sedimentary rocks (JS, yellow) are intruded by Tertiary age mafic sills of 

crinanite (CS) and picrite (PS) composition (green). Cross cutting the area are three 

basaltic dykes (D1-3, red). The southern portion of D1 has infrequent exposure in the 

quarry floor as it is obscured by rubble (its approximate location is indicated by the red 

dashed line). Locations of magnetic sampling sites are marked G5 and G6 in the North 

end of the quarry. 
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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 13 m apart (G5-6 in Figure 4.1B). The cores were 

drilled using Stihl BT45 motor driven core drill with a diamond encrusted steel drill bit; six 

cores were collected from the internal parts of the dyke (locations 2-8) and five cores were 

collected from each margin (Figure 4.2B, Table 4.1). Cores from site G5 were oriented in situ 

Figure 4.2: Field photographs (i) and diagrams (ii) of sills and a dyke that crop out in a 

quarry near Inver Tote, Isle of Skye. A) Photograph showing the intrusions that crop out in 

the quarry. These are a crinanite sill, picrite sill, basaltic dyke and a pegmatitic gabbro vein. 

Red box indicates the extent of B. The yellow line represents the location of Transect A, 

and the blue line above the sample for Transects B and C. B) Photograph showing a section 

of the whole thickness of the dyke at site G5. Photograph also shows the core locations of 

the sampling regime implemented for rock magnetic studies, with red dashed lines in (ii) 

connecting samples from the same locations. Green box in upper right shows the location 

of C. C) Photograph showing small dykelets (light grey) in picrite host rock (white) with 

associated crack tip filled with calcite (medium grey) to the east of the main dyke (green 

box in B). The dykelet has two sections with rounded tips above and below. In the upper 

part of the photo a complex dykelet can be observed in the upper surface of the block. D) 

Photograph showing a section of the dyke at site G6. Photograph also shows the core 

locations of the sampling regime implemented for rock magnetic studies, with red dashed 

lines in (ii) connecting samples from the same locations. Note the difference in orientation 

of this photograph. 
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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 +14ɕ, the mean difference between the 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 across the thickness (Transect A, yellow line in Figure 2Aii). A larger block 

was collected from the western margin for a series of 15 cm long continuous thin section 

transects (Transects B and C) to be made from the margin into the dyke interior (Table 4.1, 

blue line in Figure 2Aii). In the laboratory, cores were sliced into 2.2 cm long specimens with 

each core producing one to three specimens, yielding 96 specimens in total. Masses from the 

offcuts of one core from each location were crushed in a ceramic pestle and mortar and used 

for rock magnetic measurements to identify the magnetic carriers.  

 

Location 
number 

G5 G6 Thin 
sections 

(collected at 
G5) 

Distance 
from west 
margin (m) 

Specimens 
for AMS 

Specimens 
for AARM 

Distance 
from west 
margin (m) 

Specimens 
for AMS 

Specimens 
for AARM 

1 0 6 6 0 4 3 LMS-4a- 
(h1-4, v1-3, 

p)**  
2 0.25 5 6 0.2 6 6 - 

3 0.50 5 4 0.43 6 5 LMS-20-
1.5m* 

4 0.75 6 6 0.70 6 4 - 
5 1.00 6 6 0.97 6 5 LMS-20-1m* 
6 1.25 7 6 1.12 6 6 - 
7 1.50 6 6 1.36 6 6 LMS-20-

0.5m* 
8 1.75 7 6 1.50 6 5 - 
9 2.00 7 7 1.70 3 2 LMS-20-0m 

*  
 

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 and to support the findings of the rock 

magnetic and magnetic anisotropy studies. Five samples from 50 cm distances across the 

Table 4.1: Table showing the location numbers and distances from the Western margin 

(see Figure 4.1B and D) of specimens and thin sections for magnetic anisotropy and 

petrology studies respectively. *The sample numbers for thin sections represent distances 

from the East margin for Transect A. **8 thin sections were made in total from block LMS-

4a; h represents horizontally oriented transect (Transect B), v represents a vertically 

oriented transect (Transect C) and p is a thin section parallel to the dyke plane. 
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dyke thickness (Transect A) and 8 samples from near the Western margin (Transects B and C, 

Table 4.1). The five thin sections collected from Transect A were taken from oriented block 

samples separated by 50 cm intervals using multiple strike/dip measurements, whereas the 

Transect B and C thin sections were taken from a single block that was only oriented with up 

arrows providing four samples from a horizontally oriented transect (B), three samples from 

a vertically oriented transect (C) and one sample parallel to the dyke plane. Micro-scale 

imaging was undertaken using a Meiji TM3000 benchtop scanning electron microscope with 

a W-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 the magnetic 

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) multi-technique analysis of isothermal 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 MFK1-A Kappabridge, and (3) three component thermal 

demagnetization using a method similar to that of Lowrie (1990) and a combination of a 

furnace and JR-6A spinner magnetometer. These three methods are described in detail in 

Martin et al. (2019).  

The VFTB uses 150 mg of ground rock powder to measure the IRM and backfield curves, 

hysteresis loops, and high-temperature variation of spontaneous magnetisation. A rock chip 

is taken from the offcut section of the core, crushed using a pestle and mortar, and from this 

150mg of the powder is then measured out and placed into the sample holder before being 

placed into the VFTB. These results help to identify specific properties of the magnetic 

carriers, which are an indicator of the mineralogies giving rise to the observed magnetic 

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 to -800 mT. Hysteresis was measured during the application 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 field and heated from 50°C to 700°C 

in 100°C steps, starting from 200°C. The data was analysed using RockMagAnalyzer 1.0 

software (Leonhardt, 2006). 
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High temperature susceptibility measurements were made on a MFK1-A Kappabridge from 

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

rock samples were heated in an Argon environment from 30°C to 700°C and then cooled back 

to 400°C whilst the bulk magnetic susceptibility was measured every 5-10 seconds. This data 

ǿŀǎ ŀƴŀƭȅǎŜŘ ǳǎƛƴƎ !DL/hΩǎ /ǳǊŜǾŀƭу ǎƻŦǘǿŀǊŜ (Chadima and Hrouda, 2012). 

Three-component IRM thermal demagnetization experiments (Lowrie, 1990) were 

performed on one G5 specimen from each position across the thickness of D1. These samples 

underwent a complete AF demagnetization before having three different decreasing 

strength bias fields applied to them in three orthogonal directions. The fields used were: x-

axis of 1.2 T, y-axis of 0.4 T and z-axis of 0.02 T. These field strengths 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. 

titanomagnetite όмлΩǎ Ƴ¢Τ hΩwŜƛƭƭȅΣ мфупύ ŀƴŘ ǇȅǊǊƘƻǘƛǘŜ όǳǇ ǘƻ мллΩǎ Ƴ¢; hΩwŜƛƭƭȅΣ мфупύ. 

Each specimen was then heated and cooled to a maximum of 620°C in steps of 20°C to 50°C, 

measuring in an AGICO JR-6A spinner magnetometer and the Rema6 software (Chadima et 

al., 2018b) after each heating step. This suite of experiments was performed after AMS and 

AARM analyses as the heating of the specimens caused alteration, changing the magnetic 

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 susceptibility is a measure of how easily a sample can take an induced magnetic 

field and is affected by the properties of all the magnetic minerals present within a sample, 

i.e. domain state, size, strength and their orientation (Khan, 1962). AMS is then the 

directional-dependent response of the constituents of the sample to the applied field (Knight 

and Walker, 1988; Raposo and Ernesto, 1995). Magnetic susceptibility (K) is defined as K = 

Mi/H where Mi is the degree of induced magnetization and H is the strength of the magnetic 

field. It is characterised by a second order ellipsoid tensor with three principle eigenvectors: 

K1, K2 and K3, where K1 is the longest axis, K2 is the intermediate axis and K3 is the shortest 

axis (Knight and Walker, 1988) (Figure 4.3A). Stronger AMS signals result from more multi-

domain sized crystals (> 50 m˃), with certain ferromagnetic minerals (e.g. magnetite) tending 

to dominate susceptibility measurements (e.g. Hargraves et al., 1991). The ratios between 
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the tensor axis magnitudes result in a range of ellipsoid shapes: spheroidal, oblate, prolate 

and tri-axial (Tauxe, 2010). The spheroidal ellipsoid has little to no variation in the tensor axis 

magnitudes, as such K1 = K2 = K3. The oblate ellipsoid describes samples where the K3 axis is 

smaller than the similar sized K1 and K2 axes (K1 = K2 > K3) and is known as magnetic foliation 

(Table 4.2). The prolate ellipsoid is where the K1 axis is larger than the similar sized K2 and K3 

axis (K1 > K2 = K3), also known as magnetic lineation (Geoffroy et al., 2002). The tri-axial 

ellipsoid is where each axis has a different magnitude (K1 > K2 > K3). 

 

 

Some studies have used AARM in addition to AMS to study the magnetic fabrics of intrusions 

(e.g. Chadima et al., 2009; Soriano et al., 2016; Martin et al., 2019). AARM identifies the 

fabrics that originate from magnetic remanence carrying minerals that are single domain (SD) 

to vortex-state (VS) in size (McCabe et al., 1985; Jackson, 1991). It also utilizes a second-order 

ellipsoid tensor, with similar properties to AMS (Table 4.2), however it is defined by Krem 

instead of K, and is calculated by averaging the magnitudes of the AARM tensor axes.  

Figure 4.3 Magnetic anisotropy tensors and the relationship to crystal fabrics and dyke 

planes. A) the relationship of the orientation of AMS ellipsoid tensor to multi-domain 

and single-domain crystals, B) an example of a normal fabric where the AMS ellipsoid 

orientation is parallel to the long axis of tabular crystals and the dyke plane, C) an 

example inverse fabrics where the AMS ellipsoid is perpendicular to the dyke plane. 

When MD crystals are dominant, AMS and AARM axes align, whereas when SD crystals 

are, AMS and AARM are inverted. 
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Parameter Solution 

Mean Susceptibility Km (K1+K2+K3)/3 

Lineation L K1/K2  

Foliation F K2/K3  
Corrected degree of 
anisotropy 

Pj Ὡὼὴς – – – – – –  

Shape parameter T (2 2́ ς ́ 1 ς ́ 3) / (́ 1 ς ́ 3) 
Remanence Krem (K1+K2+K3)/3 

 

When the magnitudes and orientations of the ellipsoids have been identified and compared 

with macroscale and microscale structures, the syn- and post emplacement processes that 

created the solidified magma bodies exposed through erosion can be determined (e.g. Varga 

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 processes (e.g. Knight and Walker, 1988; Staudigel et al., 1992; Poland et al., 

2004; Roni et al., 2014), however AARM represents a powerful additional tool (e.g. Chadima 

et al., 2009; Silva et al., 2010; Soriano et al., 2016). When the AMS K3 axis is perpendicular to 

the dyke plane, this is known as a normal magnetic fabric (Figure 4.3B; Rochette et al., 1992; 

Chadima et al., 2009) and can be used in collaboration with indicators of magmatic lineation 

(from macro and micro-scale structures), to infer the magma flow axis (Figure 4.3B). Near to 

intrusion margins, AMS fabrics are often imbricated with respect to the intrusion plane 

(Knight and Walker, 1988; Rochette et al., 1992) which can enable the true magma flow 

direction to be determined as the direction of imbrication. Inverse fabrics occur when the K3 

axis is aligned with crystal long axes and K1 is perpendicular to the intrusion plane (Figure 

4.3C) (Rochette et al., 1992; Chadima et al., 2009). Anomalous 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 from multiple mineral phases and domain states (Potter 

and Stephenson, 1988; Soriano et al., 2016). Other processes have also been attributed to 

the development of anomalous fabrics, including; syn- or post-emplacement shear along the 

crack (Dragoni et al., 1997; Clemente et al., 2007), alteration (Rochette et al., 1991; Just et 

al., 2004; Just and Kontny, 2012), cooling contraction (Hrouda et al., 2015) or different flow 

regimes occurring during the different process of magma emplacement and solidification 

(Martin et al., 2019). 

Table 4.2: Anisotropy parameters used by Anisoft software and can be found in 

Jelínek (1981). K1, K2 and K3 are principal susceptibility axes, with 1́, ́ 2 and ́ 3 being 

their natural logarithms with ́ = (́ 1 + ́ 2 + ́ 3)/3. 
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AMS analyses were conducted on a MFK1-A Kappabridge from AGICO using an applied field 

of 200 A m-1 and a frequency of 967 Hz, where each specimen was sequentially rotated 

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

ŀƴŘ ǇǊƻŎŜǎǎƛƴƎ ƻŦ ǘƘŜ ǎǳǎŎŜǇǘƛōƛƭƛǘȅ ŘǳǊƛƴƎ ƛƴŘǳŎǘƛƻƴ ƻŦ ǘƘŜ ŦƛŜƭŘ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ōȅ !DL/hΩǎ 

Safyre7 software (Chadima et al., 2018c). Processing of the AMS tensor data was 

ŀǳǘƻƳŀǘƛŎŀƭƭȅ ŎƻƳǇƭŜǘŜŘ ōȅ !DL/hΩǎ !ƴƛǎƻŦǘ пΦн ǎƻŦǘǿŀǊŜ (Chadima and Jelinek, 2009). The 

software uses Jelinek statistics (Table 4.2) (Jelínek, 1977, 1981), with susceptibilities accurate 

to within 1% error. 

Measurement of AARM was conducted using multiple pieces of equipment that include; a 

JR-6A dual speed spinner magnetometer, a LDA5 alternating field (AF) demagnetiser and a 

PAM1 anhysteretic pulse magnetiser from AGICO. The natural remanent magnetization 

(NRM) of each specimen was initially measured in the JR-6A spinner magnetometer, before 

undergoing demagnetization and subsequent remagnetization in 6 different orientations, 

using the LDA5 and PAM1 equipment respectively. The Rema6 software was used to control 

the JR-6A and measure the magnetisation of the specimens. The AARM ellipsoids were 

ǎǳōǎŜǉǳŜƴǘƭȅ ŀƴŀƭȅǎŜŘ ǳǎƛƴƎ !DL/hΩǎ !ƴƛǎƻŦǘ пΦн ǎƻŦǘǿŀǊŜΦ 

4.5 Results 

4.5.1 Petrology 

The dyke is a fine-grained basalt with a 1-2% 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 the margins, to > 10 mm with greater distance away 

from the margins (Figure 4.4A). Small rounded blebs of fine grained mudrock xenoliths were 

found ~5 mm from the West margin, in thin section LMS-4a-par (Figure 4.4B). Under SEM-

EDS, iron sulphides were found along 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 outside in. In some samples, cubic 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 4.3C) and also within vesicles (Figure 4.4). No oxides (i.e. titanomagnetites) were 

observed in the margin regions of the dyke.    
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4.5.2 Magnetic anisotropy  

Here I describe how the observed magnetics vary across the breadth of the intrusion, by first 

looking at all the specimen data for site G5 AMS, before separating the data into the 9 

sampling locations from across the dyke thickness. The same will follow for G6 AARM, before 

Figure 4.4 Photomicrographs of samples from optical microscopy viewed in plane 

polarized light (A, B) and a backscattered electron SEM-EDS (C.i) with element maps 

for Fe (Cii) and S (Ciii) from thin sections collected from near the West margin of the 

basaltic dyke. A) Photomicrograph of thin section LMS-4a-h1. Left side of the image is 

10 mm from the dyke margin, the dark spots within vesicles around the horizontal 

fracture are the location of iron sulphide minerals. Red box shows the location of (C). 

B) Photomicrograph of thin section LMS-4a-par collected parallel to the dyke plane, 

approximately 5 mm from the West margin. Many vesicles are present within the 

image from <0.2 mm to >10 mm in size. The dark rounded blebs are xenoliths of 

mudstones. C) High-magnification image of a single vesicle found in (A). Cii) and Ciii) 

are element maps for Fe (green) and S (purple), respectively. Iron sulphide has grown 

into the vesicle with the core later filled with calcite. 

 



Chapter 4: Multiple sources of magnetic fabrics in a mafic dyke 

 
98 

moving onto a similar layout for site G5, firstly AMS then AARM. Locations 1 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 G5 (quarry wall) 

When all AMS specimen data for site G5 are combined (n = 55), the K1 axis is oriented 

horizontally and, in a NW-SE orientation which is approximately 20° anticlockwise, with 

respect to the dyke plane (Figure 4.5A). The K3 axis dips 39° towards 237°. The magnetic 

foliation dips 50° to the NE, oblique to the dyke plane.  

 

 

 

Figure 4.5 Equal area plots showing data from all specimens for AMS (A, C) and AARM 

(B, D) with the data separated by sample site: G5 (A, B) and G6 (C, D) in Dyke 2. K1 axes 

are blue squares, K2 axes are green triangles and K3 axes are purple circles. Solid ellipses 

are the 95% confidence ellipses calculated by Anisoft 4.2. The solid black line represents 

the dyke strike plane and the dashed line represents the magnetic foliation. 
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