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Abstract  

Saucer-shaped sill complexes are observed in sedimentary basins worldwide and are considered to be 

one of the main principal pathways for magma transport through the upper crust. Recent field and 

three-dimensional (3D) seismic reflection survey observations indicate that these sills have non-

planar margins, consisting of lobes and finger-like segments. The emplacement mechanisms of 

saucer-shaped sills into rheologically complex, visco-elasto-plastic host rocks and how and where 

lobe and finger-like segments emerge from these intrusions remain poorly understood. This thesis 

aims to address these fundamental knowledge gaps through the use of 3D laboratory experiments.  

 

Rheological analyses of gel-forming Laponite RD® (LRD) were performed to evaluate its suitability 

as a visco-elasto-plastic laboratory analogue for upper crustal rocks. The analyses reveal that LRD 

gels change from a brittle, elastic-dominant, linear viscoelastic material to a plastic material as shear 

strain increases. The linear viscoelastic region occurs for lower shear strains before it yields and then 

undergoes strain hardening, before a peak stress occurs as the shear strain increases. LRD at higher 

shear strains beyond peak stress behaves as a plastic material. LRD can be used to model elastic 

deformation within linear viscoelastic region at a shear strain rate of 0.1 s-1 and plastic deformation 

at higher shear strains. It is concluded that LRD is an ideal material for modelling the behaviour of 

rocks during the emplacement of magma and the propagation of brittle fractures in the upper crust.  

 

Experiments were performed to understand the emplacement of saucer-shaped sills and sill 

segmentation using LRD and paraffin oil as the upper crustal and magma analogues, respectively. 

Layering of rocks was simulated by varying the concentration and strength of LRD. Saucer-shaped 

sills formed in experiments in which an inner flat sill formed along the two-layer interface, and an 

outer inclined sheet formed in the homogeneous upper layer. Sharp transitions occur between inner 

flat sills to outer inclined sheets, both of which have non-planar margins with lobe and finger-like 

and segments. It is proposed that the saucer-shaped sills formed in the experiments are compatible 

with linear elastic fracture mechanism (LEFM) models in which the inner to outer sill transition 

occurs due to an elasticity-dominated interaction between the growing inner sill and the surrounding 

material and free surface. 

 

Detailed geometrical analysis of the segmentation observed at the experimental sill margins identifies 

a bimodal behaviour of marginal segments: i) wide lobes with small aspect ratios controlled by layer 

interfaces; and ii) narrow and long segments with large aspect ratios that form in the homogenous 

upper layer. It is proposed that intrusion large-scale sill segmentation is linked to mixed mode (I+III) 

fracturing within inclined sheets and small-scale visco-plastic instabilities dominate within the 

interface. A major implication of this thesis is that segments evolve in space and time and multi-stage 

emplacement mechanisms should be considered. The findings of this thesis are applicable to Ni-Cu 

sulphide deposits, and they can be used to track magma flow pathways and to discover potential 

orthomagmatic ore deposits.  
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1.1 Project rationale 

The geometries of planar igneous intrusions such as dykes and sills have often been used to 

delineate emplacement mechanisms, magma flow pathways, and melt source locations in 

crustal-scale magma plumbing systems. It is known that some sills deviate from their strata-

concordant, planar geometry to define so-called saucer-shaped sills, which have concave 

upward shapes and strata-discordant outer sheets. It is also known that dykes and sills do not 

always propagate with uniform margins but instead break down into finger-like and/or lobate 

segments. Emergence of such segments from the margins of planar intrusive sheets is observed 

in several mafic sill complexes such as in the Karoo (e.g., Golden Valley sill; Schofield et al., 

2010), Raton, Rockall, Neuquén, Faroe-Shetland, and Møre basins (e.g., Vigra sill; Miles and 

Cartwright, 2010). Finger-like structures that emerge from mafic sills are also known to trap 

Ni-Cu sulphides in narrow, elongated channels that are observed in deep to upper crustal levels. 

Ni-Cu sulphide deposits, such as Noril’sk, Voisey Bay, Nebo-Babel, Uitkomst, Eagle and 

Jinchuan are hosted within igneous intrusions that show characteristic finger-like geometries 

(Barnes et al., 2016). Therefore, intrusive planar sheets and channelized finger-like structures 

in magma plumbing systems are important for transport of both magma and economically 

important metals from deep mantle sources to upper crustal levels. 

Despite decades of research on the emplacement mechanisms and structural characteristics of 

igneous intrusions, the emplacement of saucer-shaped sills within rheologically complex host 

rocks (i.e. visco-elasto-plastic) and understanding of how and where finger-like and lobate 

segments emerge from these intrusions remain poorly understood. In this thesis, I employ a 

laboratory modelling approach that allows me to scale down time, dimensions, mechanical and 

rheological properties of host rocks and magmas to approximately simulate igneous intrusion 

processes at more convenient timeframes and length scales. The outcome of this modelling 

approach will be to create new knowledge on the complexities of sills in nature, constrain how 

they are emplaced and propagate in the shallow crust, and how complex, segmented structures 

develop along sill margins.  

 

1.2 Aims and motivation 

The overarching aim of this work is to better understand the fundamental processes that form 

saucer-shaped intrusions and how and why marginal sill segmentation occurs. This thesis aims 

to answer the following outstanding questions about sill emplacement mechanisms within 
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rheologically complex host rocks and how parameters such as host rock mechanical properties 

control the formation of segmented saucer-shaped intrusions: 

- How do the rheological and mechanical properties of host rocks influence the formation 

of the saucer-shaped intrusions?  

- How and why do finger-like and lobe structures emerge from planar magmatic 

intrusions?  

- What processes control the geometries of segmented sill margins during magma 

emplacement? 

These questions are addressed using three dimensional (3D) laboratory experiments that 

simulate the injection of magma into a layered visco-elasto-plastic upper crust. The 

experimental results are compared with selected natural examples as well as previous analogue 

and numerical modelling studies. 

 

1.3 Thesis structure 

This thesis comprises an introductory chapter, followed by three research chapters and a final 

discussion and conclusions chapter. Chapters 2-4 have been formatted as stand-alone journal 

articles. Chapters 2 and 3 are identical to the published/submitted versions with minor 

amendments such as referencing styles to maintain a constant format throughout the thesis. 

Chapter 4 will be ready for journal submission after minor modifications. 

 

Chapter 1 introduces the research topics of the thesis and presents key background information, 

including a literature review on non-planar magmatic intrusions, magma propagation structures 

and geodynamic modelling, and a detailed description of laboratory modelling methods and 

scaling. 

 

Chapter 2: Laponite® gels – Visco-elasto-plastic analogues for geological laboratory 

modelling 

Uchitha N. Arachchige, Alexander R. Cruden, Roberto Weinberg.  

Published in Tectonophysics (2021): https://doi.org/10.1016/j.tecto.2021.228773 

 

https://doi.org/10.1016/j.tecto.2021.228773
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This chapter characterises the rheological and mechanical properties of Laponite RD® (LRD), 

the host rock analogue in my analogue models, using a series of rheological tests. It also 

assesses the suitability of LRD for use in geological analogue modelling. 

 

Chapter 3: Laboratory modelling of sill emplacement: Part 1 - Saucer-shaped intrusions.  

Uchitha N. Arachchige, Alexander R. Cruden, Roberto Weinberg, Jonas Köpping, Anja Slim.  

Unpublished.  

 

This chapter presents the results of a series of isothermal experiments in which I investigate 

the formation and growth of saucer-shape sills emplaced into layered and homogeneous visco-

elasto-plastic LRD gels. This chapter also includes a complete description of the modelling 

setup and scaling, which is used as a reference for Chapter 4. This work highlights the first 

laboratory experimental simulation of saucer-shaped sills in layered visco-elasto-plastic host 

rocks.  

 

Chapter 4: Laboratory modelling of sill emplacement: Part 2 - Sill segmentation.  

Uchitha N. Arachchige, Alexander R. Cruden, Roberto Weinberg. 

Unpublished. 

 

Non-planar sill intrusions in nature and segmentation of their margins during intrusion can be 

used to delineate magma propagation pathways and emplacement mechanisms. However, 

insights from laboratory experimental modelling is still lacking. This chapter presents results 

of a series of laboratory experiments that focus on the analysis of marginal segment geometries 

and the controls on their formation.  

Chapter 5 summarises and synthesises the main findings of the three research chapters, and 

discusses their implications in a broader context. Research questions that require further 

investigation are also discussed.  

1.4. Context of the research 

1.4.1. Sills 

Igneous sills constitute a major component of volcanic plumbing systems (Chevallier and 

Woodford, 1999; Thomson and Hutton, 2004; Hansen and Cartwright, 2006; Kavanagh et al., 
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2006, 2015; Bunger and Cruden, 2011; Muirhead et al., 2012; Magee et al., 2018). Recent field 

and 3D seismic reflection observations also highlight that extensive lateral and vertical magma 

transport may occur within mafic sill complexes (Magee et al., 2016, 2018; Spacapan et al., 

2017; Galland et al., 2019).  

On the basis of their low thickness-to-length aspect ratios, the most commonly accepted model 

for sill emplacement model assumes that they are fluid pressure-driven (hydraulic) fractures 

(Lister and Kerr, 1991; Rubin, 1995). Most theoretical and numerical models of sill 

emplacement are therefore based on intrusion into purely elastic host rocks (Pollard and 

Johnson, 1973; Lister, 1990; Menand and Tait, 2002; Rivalta et al., 2005; Taisne and Tait, 2009; 

Bunger and Cruden, 2011). This mechanism is further supported by laboratory experimental 

modelling of sills (Kavanagh et al., 2006, 2017; Bunger et al., 2008; Mathieu et al., 2008; 

Menand, 2008; Chanceaux and Menand, 2014). However, in many sedimentary basins, igneous 

sills are often emplaced into rocks, like shale, that deform in an inelastic manner (Pollard et al., 

1975; Schofield et al., 2010; Magee et al., 2016). Mechanisms other that purely elastic 

fracturing, such as localized shear-failure and/or ductile flow (e.g., Pollard et al., 1975; Haug 

et al., 2017), host rock fluidization (e.g., Schofield et al., 2010, 2012) and viscous indentation 

and “bulldozing” (e.g., Spacapan et al., 2017) have therefore also been proposed to explain the 

formation of igneous sills in sedimentary basins. 

Although sill emplacement mechanisms have been widely studied, the formation of saucer-

shaped intrusions (Fig. 1.1), non-planar sill fronts and marginal segmentation (Fig. 1.2) during 

sill emplacement are still not well understood. The sections below summarise recent progress 

in understanding of the geometry and emplacement mechanisms of non-planar sills. 

1.4.1. Saucer-shaped sills  

Saucer-shaped sill morphologies are considered to be a fundamental and common geometry of 

intrusions in sedimentary basins (Galland et al., 2009; Galland & Scheibert, 2013; Chen et al., 

2017). Field observations of saucer-shaped sills (Fig. 1.1a) in the Golden Valley Sill Complex, 

South Africa (Chevallier and Woodford, 1999; Planke et al., 2005; Planke, 2008) and from 3D 

seismic observations (Thomson and Hutton, 2004; Hansen and Cartwright, 2006; Polteau et al., 

2008a) have shown that they typically exhibit a sub-horizontal, strata-concordant inner sill 

forming the base, and an inclined upward and outward branching outer sheet that cross-cuts 

the overburden strata (Fig. 1.1b). 
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A variety of mechanisms have been proposed to explain the formation of inclined sheets within 

saucer-shaped sills. These mechanisms mainly invoke dominantly elastic (Pollard and 

Holzhausen, 1979) or plastic (Galland et al., 2009; Haug et al., 2017) behaviours of the host 

rocks. Elastic-dominant numerical (Malthe-Sørenssen et al., 2004; Gill and Walker, 2020; 

Walker and Gill, 2020) and laboratory experiments (Bunger et al., 2008) show that saucer-

shaped sills can form due to the mechanical interplay between elastic deformation around the 

growing sill and its interaction with the Earth’s free surface. In contrast, some laboratory 

(Mathieu et al., 2008; Galland et al., 2009) and numerical (Haug et al., 2017) models argue that 

the inclined sheets of saucer-shaped sills can be created due to inelastic damage (i.e., plastic 

failure) caused by an inflating inner sill.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Despite these end member models, the formation and propagation of saucer-shaped sills within 

more rheologically (e.g., visco-elasto-plastc) and mechanically (e.g., layered) complex host 

materials that are similar to rocks in nature remain largely unexplored. Moreover, previous 

experiments have always produced saucer-shaped intrusions with planar propagating fronts, 

without forming segmented margins (i.e., lobes and fingers; Fig. 1.2) that are commonly 

Figure 1.1. (a) Oblique aerial view of the Golden Valley sill in the Karoo basin, South Africa 

showing an inner flat sill and outer inclined sheets (Polteau et al., 2008b). (b) 3D seismic 

interpretation of a saucer-shaped sill in the More Basin offshore Mid-Norway (modified from 

Polteau et al. 2008a).  
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observed in nature (Thomson and Hutton, 2004; Hansen and Cartwright, 2006; Magee et al., 

2016).  

1.4.2. Sill segmentation  

Field observations and 3D seismic surveys (Fig. 1.2) have found that most sills consist of 

segments that range in size from metres to kilometres (Pollard et al., 1975; Thomson and 

Hutton, 2004; Hansen and Cartwright, 2006; Magee et al., 2016). In the intrusion literature, 

this segmentation often refers to the separation of originally planar sill margins into laterally 

and/or vertically offset, overlapping and/or underlapping individual segments, such as magma 

lobes and fingers (Schofield et al., 2012; Magee et al., 2016). Moreover, at a particular time 

step during emplacement, the intrusion margin may consist of a combination of two or more 

different segments (i.e., lobes or fingers) with a range of sizes, which we refer to here as 

“complex segmentation”. The term magma lobe (Fig. 1.2a, b) in the sill literature is a purely 

morphological term that refers to a near-circular to elongated lobe-shaped geometry (Miles and 

Cartwright, 2010; Schofield et al., 2012). The term magma finger (Fig. 1.2a, c) commonly 

describes elongated, narrow segments with blunt and/or bulbous terminations at the leading 

edges of dykes and sills (Pollard et al., 1975; Schofield et al., 2010; Spacapan et al., 2017; 

Galland et al., 2019). 

The formation of long, linear intrusive segments is often attributed to Linear Elastic Fracture 

Mechanics (LEFM) processes, whereby segments are idealised as Mode 1 elastic fractures with 

tapered (wedge-shaped) or sharp tips (Pollard, 1973; Delaney and Pollard, 1981; Rubin, 1993). 

Magma flow connectors between segments, such as intrusive steps and bridge structures (Fig. 

1.2d), result from the segmentation and propagation of tensile elastic fractures ahead of an 

advancing planar intrusion that are oriented orthogonal to the minimum principal stress (σ3) 

direction.  

However, several studies suggest that mechanisms other than elastic fracturing, such as ductile 

flow, shear faulting and granular flow (e.g., fluidisation) can also result in magma finger 

formation (Pollard et al., 1975; Thomson and Hutton, 2004; Schofield et al., 2012; Magee et 

al., 2016; Spacapan et al., 2017). A viscous indentation model has been proposed to explain 

the formation of magma fingers in the Neuquen basin, Argentina (Fig. 1.1b; Spacapan et al., 

2017) in which shear failure of the host rocks is promoted by viscous shear stresses adjacent to 

a propagating sill tip. Non-brittle emplacement mechanisms, mainly attributed to Saffman-
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Taylor viscous instabilities (Saffman and Taylor, 1958; Pollard et al., 1975), may explain how 

magma fingers can form during in-situ boiling and volatization of host-rock pore-fluids 

(thermal fluidization) or rapid, fracture-related depressurization of pore-fluid causing host-rock 

disaggregation (triggered fluidization) (Schofield et al., 2010).  

Emergence of magma fingers and lobate fronts from sill margins has also been explained by 

magma cooling and solidification (Holness, 2003; Miles and Cartwright, 2010), whereby 

sudden opening of stalled planar fracture fronts leads to marginal finger and lobe formation 

(Currier and Marsh, 2015). This mechanism is analogous to the development of frontal lobes 

and channels in lava flows (Kerr et al., 2006). It has also been observed in laboratory 

experiments in which hot vegetable oil is injected to colder layered solid gelatine to model 

solidification effects during sill formation (Fig. 1.2d) and propagation (Chanceaux and Menand, 

2014, 2016).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Non-planar geological structures in magmatic intrusions (a) Magma lobes and fingers 

mapped in 3D seismic reflection data in a sill located in the Rockall Trough (modified after Thomson 

and Hutton, 2004; figure from Magee et al., 2015). (b) Magma lobes formed in solidification 

experiments of vegetable oil injected into a gelatine host (figure from Chanceaux and Menand, 2014). 

(c)Magma fingers in the Neuquén Basin, Argentina (figure from Galland et al., 2019). (d) Cross 

section image of a bridge structure within overlapping sill lobes in Theron Mountains (modified after 

Hutton, 2009).  
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1.5 Methodology 

All of the experimental results presented in this thesis are based on scaled analogue modelling 

of magma emplacement. Analogue modelling is a technique that is used to test models and/or 

hypotheses in the laboratory at convenient time and length scales. Ramberg (1967) famously 

stated: 

       “The significance of scale-model work in tectonic studies lies in the fact that a correctly         

constructed dynamic scale model passes through an evolution which simulates exactly that of 

the original (the prototype), though on a more convenient geometric scale(smaller) and with a 

conveniently changed rate (faster)” 

Some of the most significant advances in the study of dyke and sill emplacement carried out 

by means of analogue modelling are summarised below.  

 

1.5.1 Analogue modelling 

The correct selection of materials to simulate the behaviour of rocks in the laboratory is an 

essential step for modelling deformation within Earth’s interior at multiple scales. James Hall 

published the first geological analogue experiment about 200 years ago (Hall, 1815) in an 

attempt to model the formation of folds in sedimentary strata observed along the Berwickshire 

coastline of Scotland. A series of landmark laboratory modelling papers in the early 20th 

century investigated the formation of salt domes (Escher and Kuenen, 1929; Link 1930) and 

the mechanics of geological structures (Hubbert, 1951). A significant advancement in analogue 

modelling occurred during the second half of the 20th century as the theory of the plate tectonics 

was developed in 1960s (Jacoby 1973, 1976; Kincaid and Olson, 1987; Brune and Ellis, 1997). 

Buckingham’s (1914) and Hubbert’s (1937) work on the theory of scaling methods, and its 

application to geological processes, changed the analogue modelling approach from being a 

qualitative and descriptive tool to an advanced quantitative method. This was further developed 

by many others (Hubbert 1951; Ramberg 1967, 1981; Shemenda 1983; Weijermars and 

Schmeling, 1986; Richard 1991; Ribe and Davaille, 2013). Scaling theory, which requires 

geometric, kinematic and dynamic similarity between an experiment and a natural prototype, 

allows the experimental results to scale quantitatively to the values in nature, providing a 

deeper understanding of geological and geodynamic processes.  
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The first analogue experiments to simulate the processes of magma transport and emplacement  

were conducted by Daubrée (1891), who designed models to investigate the formation of 

diatremes. Hubbert and Willis (1957) used elastic gelatine and mud as rock and magma 

analogues, respectively, to simulate hydraulic fracturing in boreholes, with results that are 

relevant to the emplacement of igneous dykes and sills. However, the first qualitative 

laboratory experiments on sill intrusions were conducted by Pollard (1973), who used grease 

and layered gelatine as magma and host-rock analogue, respectively. 

The first quantitative analogue models of sill emplacement were carried out by Rivalta et al. 

(2005) and Kavanagh et al. (2006; see also Menand 2008), in which air and water (magma 

analogue) were injected into a layered gelatine host, respectively. In these experiments, the 

authors systematically varied the input pressure and the rigidity contrast between the upper and 

lower gelatine layers. These experiments focused on how feeder dykes transition into sills at 

rock interfaces.  

Novel laboratory techniques and analogue materials have also been introduced, resulting in 

further advances in modelling of magmatic intrusions. Gelatine (Kavanagh et al., 2006; Di 

Giuseppe et al., 2009; van Otterloo and Cruden, 2016) has been used to simulate viscoelastic 

host rock deformation during magma emplacement, whereas granular materials such as silica 

flour (spheres and crystals; Galland et al., 2006), diatomite powder (Gressier et al., 2010), 

quartz sand and plaster powder (Poppe et al., 2021) and sand (Mathieu et al., 2008) have been 

used to simulate brittle behaviour. Different types of syrups (Corn and Glucose: Schellart, 2011; 

Honey: Mathieu et al., 2008), oils (Silicon: Mueller et al., 2009; Vegetable oil: Galland et al., 

2006), waxes (Paraffin: Rossetti et al., 1999; Polyethylene glycole (PEG): Griffiths and Fink, 

1997), air and water (Huppert and Hallworth, 2007) have been used as to simulate the 

Newtonian flow behaviour of magma and lava (Griffiths and Fink, 1993; Kerr, 2001; Beckett 

et al., 2011). 

Over the last decade, analogue modelling has been greatly strengthened from the introduction 

of high-resolution optical image correlation methods (i.e., particle imaging velocimetry, PIV, 

and digital image correlation, DIC) (e.g., Adam et al., 2005; Galland et al., 2016; Riller et al., 

2012; Schrank et al., 2012). The integration of analogue modelling with advanced imaging and 

deformation monitoring techniques has greatly improved understanding of both dyke and sill 

emplacement processes. Digital image correlation (DIC) using laser fluoresced tracer particles 

in host rock analogues were used to quantify incremental and finite strains in gelatine induced 
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by intrusion dynamics (Kavanagh et al., 2015, 2017, 2018). Moreover, these studies have 

considered how combinations of magma and host rock analogue materials, which impacts the 

model parameters, for example the buoyancy of the magma analogue through density 

difference. Imaging of internal structures and deformation has also been quantified using X-

Ray computed tomography (X-RCT) scans of analogue experiments (Adam et al., 2013; Zwaan 

and Schreurs, 2016; Zwaan et al., 2018; Poppe et al., 2019). In addition to the aforementioned 

contributions, further details of modelling of volcanic magma plumbing systems can be found 

in extensive reviews by Galland et al. (2015) and Kavanagh et al. (2018). 

1.5.2 Experimental design 

The experimental set up used in this thesis is designed to simulate lateral emplacement of sills 

at different crustal levels and to study the propagation and growth of non-planar intrusions. A 

2-layer system with a horizontal interface is used to ensure initial sill propagation occurs within 

a horizontal plane. Digital photography is used to map sill geometries and quantify intrusion 

growth parameters such as radius, area and velocity over time. Analysis of the resulting 

parameters allows me to compare the modelling outcomes with previous analogue and 

numerical results, as well as global field and 3D seismic data examples of sills and saucer-

shaped intrusions. 

The experiments reported in Chapters 3 and 4 are carried out in a 30 × 30 × 6 cm transparent, 

acrylic tank (Fig. 1.3). The tank is filled with crustal analogue materials (see material and 

scaling), usually comprising two horizontal layers (Layers 1 and 2) with different mechanical 

properties. The magma analogue is injected horizontally along the Layer 1/2 interface via a 

nozzle at the side of the tank fed by peristaltic pump at controlled volumetric flow rates. 

Intrusion propagation is monitored by high resolution DSLR cameras placed above (plan view) 

and at the side (cross sectional view) of the apparatus.  
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1.5.3. Materials and scaling 

The correct selection of materials is essential for successful analogue experiments as the 

materials should capture the mechanical properties of rocks and magmas in nature, thereby 

satisfying rheological similarity criteria (Weijermars and Schmeling, 1986; Kavanagh et al., 

2018b; Reber et al., 2020). Therefore, a complete rheological characterisation of model 

materials is an important first step in designing analogue experiments. The rheological 

properties of both crustal and magma analogues were measured using an Anton Paar Physica 

MCR-301 parallel plate rheometer, following the methods described in previous rheological 

analysis of analogue modelling materials (ten Grotenhuis et al., 2002; Rivalta et al., 2005; Di 

Giuseppe et al., 2009; Kavanagh et al., 2013; van Otterloo and Cruden, 2016). The following 

sections provide a summary of the crustal and magma analogue materials used in my 

experiments, and the scaling used to compare models (subscript m) with natural prototypes 

(subscript p).  

 

1.5.3.1. Crustal analogue material 

After some preliminary experiments and rheological tests, Laponite RD® (LRD) was selected 

as the material to model crustal host rock behaviour during analogue sill emplacement. LRD 

 Figure 1.3. Experimental setup (Chapters 2 and 3) with two analogue crustal layers (Layer 1 and 

2). The magma analogue is injected horizontally via an inlet hole, along the Layer1/2 interface.  
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(Fig 1.4) is a synthetic crystalline layered silicate compound with a crystal structure and 

chemical composition comparable to the natural clay mineral hectorite (Nuemann, 1965 

Cummins, 2007; Wallace and Rutherford, 2015). Despite a decade of research on its material 

properties, LRD has only been used by Bertelsen et al. (2018) for geological analogue 

experiments, but shows considerable potential (Kavanagh et al., 2018) as a crustal analogue. 

Therefore, its suitability as a crustal analogue for magma injection experiments has been 

assessed by a comprehensive suite of rheological tests and the results are summarised in 

Chapter 2. 

 

 

 

 

 

 

When mixed with water, LRD forms a clear gel, which is similar to gelatine but is colourless 

and more transparent. Like gelatine, its photo-elastic properties can be used to visualize and 

map stresses associated with loads and propagating fractures. It is a chemically and biologically 

stable material and it is easy to alter its mechanical properties, such as the Young’s modulus, 

by changing its concentration in water. LRD has a density around 1000 kg m-3 and  lower 

surface energy values (24-44 mJ/m2; Norris et al., 1993) compared to frequently used host rock 

analogue gels such as gelatine (1 J/m2; Kavanagh et al., 2013). This ensures that surface tension 

dynamics are minimized in geological analogue experiments using LRD. Pressurised cracks in 

LRD gels form characteristic marginal finger and lobate-like segments, rather than planar 

cracks with smooth margins. These characteristics, plus its rheological properties, indicate that 

LRD is an ideal host rock analogue to study the formation and propagation of sills and saucer-

shaped sills, and sill segmentation into lobes and fingers. 

 

1.5.3.2. Magma analogue 

Paraffin oil (BP Ltd.) at 22.5° was used as the magma analogue in the experiments 

reported in Chapters 3 and 4. This choice was made because potential water-based magma 

 Figure 1.4. Appearance of Laponite RD® after complete mixing with water (a) and its photo-elastic 

properties (b). (c) Empirical formula and layered structure of individual Laponite® particles. 

(a) (b) (c) 
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analogues were observed to react with LRD, resulting in crazing and fracturing that is unrelated 

to sill emplacement dynamics. Paraffin oil has a viscosity of 0.16 Pa s and a density of 850 kg 

m-3at this temperature and it was mixed with red dye without altering its viscosity to provide a 

better visual contrast with the host material. Paraffin oil is a linear, Newtonian fluid (Kavanagh 

et al., 2018b) and rheological analysis by Duarte et al. (2013; Fig. 5) shows that it is weakly 

temperature dependant between 16 °C – 24 °C. Therefore, it is assumed that the viscosity of 

the magma analogue in the isothermal experiments of Chapter 3 and 4 is constant.  

 

1.5.3.3. Scaling 

The experimental approach is focused on modelling the emplacement of igneous sills and 

saucer-shaped intrusions in a horizontally layered analogue upper crust. The scaling, material 

selection and general design of the experiments follows the analogue modelling approach 

described by Hubbert (1937), Ramberg (1967) and used by Merle and Borgia (1996), Rivalta 

et al. (2005), Kavanagh et al. (2006), Mathieu et al. (2008), Menand, (2008) and Galland et al. 

(2009). Scaling factors and dimensionless numbers are defined for the models in order to satisfy 

geometric, kinematic and dynamic similarity with structures and processes in nature. However, 

the scaling is only approximate since uncertainties and complexities that are likely to occur in 

nature are not reproducible in the laboratory. 

We define the length scaling factor (L*) as the ratio of the final length of a sill in the experiment 

(lm) to the typical length of an igneous sill in the shallow crust (lp). In our case L* = lm/lp = 10-

4 and 1 cm in the laboratory represents 100 m in nature. The density scaling factor ρ* = 0.357 

is defined as the ratio between the density of LRD in the experiments and natural sedimentary 

host rocks. All experiments are carried out under the normal gravity field (1 g), therefore the 

gravity scaling factor, g* = 1. This gives a stress scaling factor 

 

σ* = ρ* g* L* = 3.57 x 10-5                  (1.1) 

Comparing the average experimental model intrusion tip velocity of ~ 1 x 10-3 ms-1 to an 

estimated magma intrusion velocity of 0.2 ms-1 in nature (within a range between 0.1 ms-1 and 

0.5 ms-1; Spence and Turcotte, 1985; Kavanagh et al., 2013), gives a velocity scaling factor, 

V* = 5 x 10-3. The time scaling factor can now be defined as: 

t* = L*/V* = 2 x 10-2                   (1.2) 



16 

 

such that 1 min in the experiments represents 0.83 hr in nature. Using σ* and t*, the viscosity 

scaling factor becomes: 

µ* = σ* t* = 7.2 x 10-7                  (1.3) 

Hence, paraffin oil (magma analogue) with a viscosity of 0.16 Pas is equivalent to a magma in 

nature with a viscosity of 104 Pas, consistent with basaltic andesite with a low crystal content 

(Fig 2: Mathieu et al., 2008).  
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Abstract 

Laponite® is a synthetic clay that, depending on concentration, temperature and curing time, 

forms a clear, transparent thixotropic fluid or brittle visco-elasto-plastic gel when mixed with 

water. Here we present the results of rheological and mechanical testing of gel-forming 

Laponite RD® (LRD) to evaluate its suitability as a rock analogue in laboratory analogue 

experiments. Rheological tests of 2 – 4 wt. % concentrations of LRD in deionised water were 

carried out at temperatures between 20 and 50 °C, and after curing times of 3 to 14 days. Our 

results show that LRD gels change from a brittle, elastic-dominant, linear viscoelastic material 

to a plastic material as shear strain increases. The linear viscoelastic region occurs at shear 

strains, γ < 10 % after which the material yields and then undergoes strain hardening before a 

peak stress occurs at γ = 15 – 20 %.  LRD then strain softens up to γ < 26.2 %, beyond which 

it behaves as a plastic material. Empirical equations are provided that predict increases in the 

Young’s and complex shear moduli of LRD with increasing concentration and ageing time. 

LRD can be used to model elastic deformation when γ < 10 % at a shear strain rate of 0.1 s-1 

and plastic deformation when γ > 26.2%. LRD is an ideal material for modelling the behaviour 

of rocks during the emplacement of magma and the propagation of brittle fractures in the upper 

crust. Its ease of preparation, low surface tension, full transparency, chemical and biological 

stability and photoelastic properties provide further advantages for analogue laboratory 

modelling compared to other frequently used visco-elastic gels, such as pig skin gelatine.  

Keywords: Laponite RD®; analogue material; rheology; yield stress; visco-elasto-plastic; 

magma emplacement and crack propagation 
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2.1. Introduction 

Geological processes such as the transport and emplacement of magma in dykes and sills in 

the Earth’s crust and associated host rock deformation are important for the development of 

upper crustal magma plumbing systems and the formation of magmatic ore deposits (Barnes et 

al., 2016; Magee et al., 2016). Although field and geophysical methods are used to study these 

processes either remotely or in exhumed ancient examples (e.g., Magee et al., 2018), direct, 

detailed and quantitative analysis of dyke and sill emplacement is typically carried out through 

analogue and/or numerical modelling (Galland et al., 2009; A P Bunger and Cruden, 2011; 

Kavanagh et al., 2015; Schmiedel et al., 2019). The reproducibility of natural geological 

structures at laboratory time and length scales, and the controllability of all relevant parameters 

using model scaling theory are powerful aspects of the analogue modelling approach 

(Kavanagh et al., 2006, 2018). Properly scaled materials and setups in laboratory experiments 

can therefore provide a better understanding of natural processes, and results can be compared 

to field and geophysical observations, and numerical analyses (Kavanagh et al., 2018b; Reber 

et al., 2020).  

Visco-elasto-plastic Laponite® gels (3.3 wt. %) with short curing times (up to 240 min) were 

used as country rock analogues for two dimensional experiments of magma emplacement in a 

Hele-Shaw cell by Bertelsen et al. (2018). These authors noted that the material properties of 

Laponite® gels are not yet sufficiently well characterised for use as natural rock analogues in 

geological laboratory experiments. Here we report results of a systematic rheological study of 

Laponite RD® (LRD) gels in order to evaluate their suitability as host rocks in analogue 

modelling of magma emplacement processes, and other experimental tectonic applications. 

Laponite® has been studied extensively in the polymer and clay sciences, and aqueous solutions 

of Laponite synthetic clays have attracted considerable interest as a rheological modifier for 

various applications such as surface coatings, consumer care products, paints, emulsion 

stabilisers, and mineral and hydrocarbon extraction technologies. Aqueous dispersions of 

Laponite with different concentrations and ionic strengths have received much attention in the 

colloid and polymer sciences, and their gel or glass-like behaviours (Bonn et al., 1999), surface 

chemistry, basic rheological properties (Pek-Ing and Yee-Kwong, 2015), and colloidal phase 

behaviour (Cummins, 2007; Ruzicka and Zaccarelli, 2011; Mohanty and Joshi, 2016) are well 

characterised.  



21 

 

 

 

 

 

 

 

 

 

 

 

LRD has several advantages as an elastic host rock analogue for laboratory modelling of 

magma transport and pressurized crack propagation compared to commonly used semi-

transparent pig skin gelatine (Kavanagh et al., 2013; Brizzi et al., 2016; van Otterloo and 

Cruden, 2016). LRD is a gel forming grade of Laponite® that is fully transparent, regardless of 

concentration and sample age. LRD gels (Fig. 2.1) are chemically and biologically stable 

viscoelastic solids with photo-elastic properties (Ruzicka and Zaccarelli, 2011; Kaushal and 

Joshi, 2014; Galland et al., 2015; Kavanagh et al., 2018). They have lower surface tension with 

water (72.8 mJ/m2, Norris et al., 1993) and glycerol (64 mJ/m2, Norris et al., 1993) compared 

to pig skin gelatine (1 J/ m2; Kavanagh et al., 2013), which minimizes surface tension effects 

in geological experiments. After initial preparation, LRD mixtures remain in a weak solution 

state after a few minutes of curing (0 – 60 min), while the gel state is reached after several 

hours (~ 120 min) (Kaushal and Joshi, 2014; Bertelsen et al., 2018a). The rheological properties 

reported here are for LRD gels that have been cured over 3 to 14 days.  

Figure 2.1. Photo-elastic fringes within a container of layered Laponite RD® loaded from above, 

indicating the stress field induced by the applied force. Horizontal colour zones in the middle are due 

to photo-elastic effects caused by Laponite RD® multi-layers.  
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2.2. General properties of Laponite RD®  

2.2.1. Composition and structure 

Laponite RD® (LRD; manufactured by BYK Additives and Instruments) is a gel-forming grade 

of a synthetic sheet silicate with a crystal structure and chemical composition similar to the 

natural clay mineral hectorite (Nuemann, 1965; Cummins, 2007; Wallace and Rutherford, 

2015). Disc-shaped, nearly uniform Laponite crystals (Si8Mg5.45Li0.4O24Na0.7) comprise one 

octahedral coordinated magnesium or aluminium oxide layer sandwiched in between two 

layers of tetrahedral coordinated silica (Fig. 2.2a).  The unit cell has an overall net negative 

charge of approximately 700 electron charges, which becomes neutralised when interlayer Na+ 

ions are absorbed on to the surface of the crystal (Bonn et al., 1999; Cummins, 2007; Lapasin 

et al., 2017). As reported by BYK Additives and Instruments (2014), the bulk density of LRD 

is 1000 kg/m3 and a single Laponite crystal is disc shaped with a typical diameter of 25 nm and 

height of 0.92 nm (Fig. 2.2b).  

 

 

 

 

 

 

 

2.2.2. Sample preparation 

In order to achieve full hydration when LRD powder is mixed with water, our sample 

preparation followed the laboratory-scale mixing procedure recommended by the manufacturer 

and the previous studies (Appendix 1). Room temperature (19 - 23°C), filtered, deionised water 

is first poured into a high-speed, 3L capacity commercial blender. Unlike gelatine, LRD can 

be mixed and forms a gel at room temperature without cooling, which is an added advantage. 

With the blender rotating, the desired amount of Laponite powder is gradually added to a 

Figure 2.2. (a) Empirical formula and layered structure of individual Laponite® particles. 

(b) Disc-shaped Laponite® crystal with thickness (0.92 mm) and diameter (25 mm) with 

negatively charged faces and positively charged edges (BYK additives and instruments, 

2014).  

 

(a) (b) 
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known volume of deionised water over a period between 10 to 30 s. The sample is then blended 

for up to 20 min to achieve full hydration and dispersion of the LRD-water mixture. The LRD 

mixtures are then poured into containers and left to form transparent gels. The containers were 

sealed to prevent evaporation of water. Air bubbles typically form in the mixture during high-

speed stirring, but they eventually rise to the surface resulting a bubble-free gel sample. 

Samples with >4 wt. % LRD are impossible to use because they rapidly form a gel before 

complete mixing occurs. For concentrations <2 wt. % LRD, samples remain in the solution 

state for much longer times (a few weeks) before a gel structure forms. Therefore, for practical 

purposes, batches with concentrations of 2, 2.5, 3, 3.5 and 4 wt. % of LRD in deionised water 

were prepared for rheological measurements. 

2.3. Methods 

2.3.1 Theoretical background 

Combined solid and fluid dynamic approaches are required for complete characterisation of 

viscoelastic materials that are commonly used in experimental tectonics (Ranalli 1995; ten 

Grotenhuis et al., 2002; Boutelier et al., 2008; Di Giuseppe et al., 2009). The first approach 

uses Hooke’s law for materials that behave as elastic solids, in which stress (σ) is proportional 

to the strain (γ) and independent of the strain rate (�̇�). Elastic solids tend to store energy rather 

than dissipate it before failing by yielding or brittle fracturing.  

A fluid dynamic approach is used to characterise viscous fluids, which dissipate energy. 

Newtonian viscous materials show a linear proportionality between stress (σ) and strain rate 

(�̇�), while in non-Newtonian viscous materials the relationship is non-linear (ten Grotenhuis et 

al., 2002). Material is considered either shear thickening or shear thinning in the non-

Newtonian viscous regime if the viscosity increases or decreases, respectively, with increasing 

strain rate.  

2.3.1.1. Viscoelastic deformation    

Viscoelastic materials respond to stress by a combination of elastic and viscous deformation. 

When subjected to an applied stress, a viscoelastic material may display strain-independent 

linear viscoelastic and strain-dependent non-linear viscoelastic regimes. The linear and non-

linear domains of a viscoelastic material are usually characterised by an elastic storage modulus 

(Gʹ), representing elastic energy stored during deformation and a loss modulus (Gʺ), 
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representing energy lost by viscous dissipation during and after deformation (Di Giuseppe et 

al., 2009; Mezger 2006; Xue et al., 2017).  For a material in the linear viscoelastic regime, the 

resulting shear stress (τ) is out of phase with the applied shear strain according to the 

relationship (Ferry, 1980): 

𝜏 =  𝛾0(𝐺ʹsin(𝜔𝑡) + 𝐺ʺ cos(𝜔𝑡))                    (2.1) 

where ω is the frequency and 𝛾0 is the maximum amplitude of the shear strain. Gʹ and Gʺ are 

the frequency dependent elastic storage and viscous loss moduli, respectively.  

The complex shear modulus is derived from the storage and loss moduli: 

𝐺∗ =  Gʹ + iGʺ                       (2.2) 

where the storage modulus is the real part and the loss modulus is the imaginary part and the 

moduli are perpendicular vectors (Mezger 2006; van Otterloo and Cruden, 2016). The complex 

shear modulus can be obtained from (Mezger 2006): 

𝐺∗ =  √Gʹ2 + Gʺ2                       (2.3) 

A typical rheological characterisation of a viscoelastic material is illustrated in Fig. 2.3a. This 

material shows viscous dominant viscoelastic behaviour in the lower frequency range where 

Gʺ > Gʹ. 

On the other hand, in the higher frequency regions where Gʹ reaches a plateau value and where 

the Gʹ/Gʺ ratio is high (Gʹ >> Gʺ), the material shows elastic dominant viscoelastic behaviour, 

which can be described by Hooke’s Law. In the cross over region where the elastic and loss 

moduli have similar values (Gʹ ̴ Gʺ), the material is viscoelastic. The point at which Gʹ and Gʺ 

cross over determines the frequency (ωc) that gives the Maxwell relaxation time (tm = 1/ωc) of 

the material.  

The complex Young’s modulus (E*) relates to the complex shear modulus according to 

(Timoshenko and Goodier, 1970; van Krevelen, 1990): 

E* = 2𝐺∗(1+ν)                      (2.4) 

where, ν is Poisson’s ratio, which describes the compressibility of the material.  
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Figure 2.3. (a) Typical rheological characterisation of an ideal linear viscoelastic material. Different 

fields indicate different mechanical behaviours, determined by the relation between storage (Gʹ) and 

loss moduli (Gʺ). At lower frequencies (ω), dominantly viscous behaviour is characterised by Gʺ >> 

Gʹ and the slopes of Gʺ and Gʹ are 1 and 2 respectively. In this viscous region, the complex viscosity 

(η*) is constant and similar to the zero-shear viscosity (η0). At higher frequencies, dominantly elastic 

behaviour is characterised by Gʹ >> Gʺ and constant plateau of Gʹ. Viscoelastic behaviour occurs at 

intermediate frequencies. The crossover point (ωc) between Gʹ and Gʺ determines the Maxwell 

relaxation time (tm) of the material (modified from Di Giuseppe et al., 2009). (b) Ideal shear stress – 

shear strain behaviour of strain softening rocks (modified from Xue et al., 2017) depicting a transition 

from elastic to plastic behaviour with post yielding strain hardening and strain softening behaviours 

(see text for details). 
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2.3.1.2. Plastic deformation 

When the elastic limit is reached in most materials, strain is no longer proportional to the 

applied stress and atomic bonds start to break. When this occurs, the material can no longer 

return to its original structure and the deformation is permanent, known as plastic behaviour 

(Per et al., 1983; Irgens, 2008). The stress under which noticeable plastic deformation occurs 

is called the yield stress, τy. As the material deforms at stresses > τy, the corresponding strain 

is not recoverable (Fig. 2.3b). 

2.3.1.3. Brittle elastic deformation 

For complete characterisation of a material’s properties it is also important to understand its 

behaviour at large strains and failure. At large strain, a material can fail by either forming 

brittle-elastic fractures or by permanent plastic flow. Brittle fractures are considered to 

originate in the elastic region at a critical stress (brittle strength), when all bonds between 

structural elements in a macroscopic plane within the material break. This results in failure of 

the structure of the material at larger scale and a sudden drop in stress (Di Giuseppe et al., 

2009).   

2.3.1.4. Rheological models 

Common rheological models (Fig. 2.4) used to explain viscoelastic behaviours comprise a 

linear elastic component represented by a spring and a Newtonian viscous component 

represented by a dashpot. They can either be in series (Maxwell model; Fig. 2.4d) or in parallel 

(Kelvin-Voigt model; Fig. 2.4c) (Barnes et al.,1989; Chhabra, 2010). The viscosity to modulus 

of rigidity ratio (η/G) defines the Maxwell relaxation time (tm) (Bailey, 2006; Chhabra, 2010) 

in the Maxwell model, and the retardation time (tkv) in the Kelvin-Voigt model. After the 

application of a load, a Maxwell element will accumulate permanent viscous deformation over 

time, whereas a Kelvin-Voigt material will return to its undeformed state. However, both the 

Maxwell and Kelvin-Voigt models can be used to represent either the short-term, long-term or 

transient creep behaviour of a material, but not all of them together. To overcome this 

shortcoming, a Burgers model, which has Maxwell and Kelvin-Voigt elements in series, is 

commonly used to account for the steady-state creep behaviour of many materials (Fig. 2.4h). 
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Perfectly plastic behaviour is modelled using a frictional element with a yield stress below 

which no strain occurs, analogous to a rigid block sliding on a rough surface (Fig. 2.4e). 

Rheological models for elastic-plastic behaviour (Fig. 2.4f) are made up of a spring and 

frictional element in series (Barnes et al., 1989; Irgens, 2008). This model behaves ideally 

elastic for stresses below the yield stress, τy, and perfectly plastic at stresses above τy. Visco-

plastic rheological models (Fig. 2.4g) have a dashpot in parallel with a frictional element, also 

known as a Bingham plastic. When the applied stress in such a material is < τy, no deformation 

is possible; at higher stresses the material flows linearly.  

3.3.2 Rheological testing methods 

Samples of LRD were subjected to a series of rheological tests performed using an Anton Paar 

Physica MCR 301 rheometer. A flat parallel-plate geometry (Fig. 2.5) with 1 mm gap was used, 

and the instrument and measurement accuracy are < 0.1 % and 5 %, respectively (Di Giuseppe 

et al., 2009). After the desired curing time, a carefully sliced sample was placed on the bottom 

plate of the rheometer and the top plate was lowered slowly onto it. To minimise possible 

alterations of the structure of the sample during loading the sample was left for about 30 

Figure 2.4. Representation of basic rheological models. (a) Linear elastic (spring), (b) Linear viscous 

(dashpot), (c) Kelvin – Voight model (Visco-elastic), (d) Maxwell model (Visco-elastic), (e) Perfectly 

plastic (frictional element), (f) Linearly elastic- perfectly plastic model, (g) Bingham-Maxwell (Visco-

plastic) model and (h) Burgers model.  
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minutes between the parallel plates before starting the measurements. To control the effects of 

temperature and evaporation on the sample, the parallel plate measuring system was coupled 

with a closed Peltier hood during measurements. Both oscillation (a.k.a. dynamic) and 

rotational testing methods were used to impose shear stresses, shear strains and shear strain 

rates on the samples and to measure dynamic moduli and shear strength of the material, 

respectively. All tests were performed under constant zero normal stress from the upper plate. 

The shear strain, shear stress and shear strain rate are controlled by changing the angular 

displacement (amplitude), torque and angular velocity of the upper plate of the rheometer, 

respectively. Shear strain rate in oscillation tests is also controlled by varying the oscillation 

frequency, ω. In order to evaluate the reproducibility of the measurements and assess for 

possible rheometer plate slip effects, three separate tests were conducted on each LRD 

concentration, and signs of any detachment of the sample from the parallel plates were carefully 

assessed after each measurement. Moreover, we carefully compared our amplitude sweep and 

frequency sweep test results with those of Mourchid et al. (1998) and Morariu and Bercea 

(2011). We consistently found that the results for the three repeated tests for each sample were 

reproducible and very similar to previous studies, indicating that rheometer plate slippage is 

unlikely to have occurred. The following section provides a brief outline of each test method 

and its significance.  

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Schematic diagram of a rheometer with a parallel-plate setup used for 

oscillation and rotational tests.  
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2.3.2.1 Oscillatory tests 

Oscillatory amplitude sweep tests were used to determine the linear viscoelastic range of LRD 

in its gel state. In these tests, the shear strain applied to samples of different concentration was 

varied from 0.01 to 100 % while the oscillation frequency and temperature were kept constant 

(ω = 0.1 s-1, T = 22.5 °C; curing time = 3 days; See Table 2.1 for details of measurements). The 

linear viscoelastic range (Fig. 2.6) is defined as the region where the dynamic moduli have 

constant values over a range of imposed shear strain values below a shear strain threshold (γc). 

When γc is exceeded, the dynamic moduli either increase (Gʺ; viscous component) or decrease 

(Gʹ; elastic component) and the material behaviour becomes strain-dependent or non-linear. 

Furthermore, Brizzi et al. (2016) have shown that in amplitude sweep tests, constant plateau 

values of Gʹ and Gʺ reflect an equilibrium stage during which the structure of the material does 

not alter.  Amplitude sweep results (Fig. 2.7) in our study show similar behaviour and provide 

further evidence that the structure of the material did not change during sample loading. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Typical rheological behaviour of viscoelastic (VE) samples from oscillatory tests - here 

an amplitude sweep test for variable strain, γ (ω constant). Values of log Gʹ and log Gʺ show constant 

plateau values independent of strain amplitude (γ) in the linear viscoelastic (LVE) region, in which 

the structure of the sample is stable. Non-linear viscoelastic (NLVE) behaviour occurs above a 

critical shear strain (yc). In this region the sample structure has been either irreversibly changed or 

destroyed. 
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The frequency or shear strain-rate dependence of a material is characterised using frequency 

sweep tests (Fig. 2.3a), during which the oscillation frequency is varied between 0.01 to 100 s-

1 while the shear strain and temperature are held constant (γ = 1%, T = 22.5 °C). In order to 

remain in the linear viscoelastic domain, shear strain in this test was kept below γc determined 

by amplitude sweep tests. The resulting values of Gʹ and Gʺ were used to calculate the complex 

shear modulus from Eqn. 3. The complex Young’s modulus was calculated from Eqn. 4, 

assuming LRD is incompressible with a Poisson ratio ν = 0.5. This assumption is reasonable 

because LRD is similar to the natural clay mineral Hectorite, and for most saturated clays 

reported Poisson ratios are close to 0.5. Further, the Maxwell relaxation time of the material 

can be determined from the frequency where the Gʹ and Gʺ curves cross each other (Fig. 2.3a). 

In order to identify the effects of temperature on LRD, temperature sweep tests were performed 

by applying a slow heating rate (2 °C per minute) to the sample from 20 to 50 °C. For each 

2 °C step the measurement duration was 1.07 min, during which the shear strain and oscillation 

frequency were kept constant within the linear viscoelastic range to ensure reproducibility of 

the results. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Results from amplitude sweep tests showing variation of storage (Gʹ) and loss (Gʺ) moduli 

for Laponite RD with different wt. % concentrations and curing time of 3 days. Strain was varied from 

0.01 % to 100 % at a constant strain rate (0.1 s-1).  The grey field (LVE domain) marks the values of 

the strain amplitude where the dynamic moduli, Gʹ and Gʺ remain nearly constant. The critical shear 

strains (γc) at which Gʹ and Gʺ start to change by 1 % from their constant plateau values are indicated 

by dotted lines for each concentration. The rapid change where Gʹ and Gʺ start to change by 15 % in 

between two adjacent measurements is considered here to define the yield limit.   
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2.3.2.2 Rotational tests 

The shear strength of LRD samples was measured using rotational shear strength tests, in 

which samples were deformed by imposing a shear strain up to 500 % at constant strain rate 

and temperature (0.1 s-1 and 22.5 °C). Shear stress of the material was recorded as a function 

of strain. The maximum shear stress here defines the shear strength or peak strength of the 

material.  

Finally, transient creep and recovery tests were performed to measure the creep and recovery 

responses during the deformation of the material. A constant shear stress (τ = 70 Pa) was 

imposed on the sample for a pre-set time period (1210 s), and the shear stress was then removed 

abruptly (τ = 0 Pa) and the recovery of shear strain in the material was recorded over time. The 

initial constant shear stress value was selected based on the results of the amplitude and 

frequency sweep tests to ensure that the applied shear stress was within the linear viscoelastic 

region of the material.  

 

 

 

 

 

2.4. Results 

2.4.1. Amplitude sweep tests   

The dynamic moduli of LRD mixtures (curing time = 3 days) determined by oscillatory 

amplitude sweep tests are presented in Table 2.1 and Figure 2.7. All concentrations of LRD are 

in the linear viscoelastic domain with constant Gʹ and Gʺ for shear strain amplitudes γ < 10 %. 

The critical shear strain, γc, under which the material is in the linear viscoelastic region 

decreases with increasing concentration (Table 2.1; Fig. 2.7 - dotted lines). This γc was 

considered as the point at which moduli values (Gʹ and Gʺ) change by 1 % from their constant 

plateau values (van Otterloo and Cruden, 2016). The shear strain amplitude at which Gʹ and Gʺ 

change rapidly by 15 % between two adjacent measurements is considered to be the yield limit 

X (wt. %) γc (%)  Gʹ (Pa) Gʺ (Pa) 

2 4.65 286 23 

2.5 3.16 740 41.60 

3 2.16 796 48 

3.5 2.15 1080 75 

4 1 1370 95.40 

Table 2.1. Critical strain (γc) and corresponding Gʹ and Gʺ values for different concentrations (X 

wt. %) of Laponite RD® (curing time – 3 days) from amplitude sweep tests.  
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(γL= 10 %). At this point, the material transitions from an effectively elastic regime to an 

effectively plastic regime. As shear strain increases above γL, Gʹ decreases and Gʺ increases 

rapidly until elastic and viscous forces exactly balance at Gʹ = Gʺ (Di Giuseppe et al., 2009). 

This occurs at shear strains of 26 % and 46.9 % for 2 wt. % and 4 wt. % concentrations, 

respectively (Fig. 2.7). 

2.4.2. Frequency sweep tests 

The results of the frequency sweep tests are presented in Table 2.2 and the dependence of Gʹ 

and Gʺ on frequency in the viscoelastic regime is shown in Fig 2.8a.  Gʹ is approximately 

constant for all LRD samples over the full range of frequencies tested and the corresponding 

value of Gʺ drops as frequency is increased. However, Gʹ dominates over Gʺ by more than one 

order of magnitude within this frequency range. Both the dynamic moduli (Gʹ, Gʺ) and the 

complex shear (G*) and Young’s (E*) moduli calculated using Equations 3 and 5 increase with 

the concentration of LRD and the sample age (Table 2.2; Fig. 2.8b). 

 

 

 

 

 

X (wt. %) Gʹ (Pa) Gʺ (Pa) G* (Pa) E* (Pa) η* (Pa s) 

3 days      

        2 3.48 × 102 1.90 × 101 3.49 × 102 1.05 × 103 1.38 × 102 

        2.5 8.01 × 102 3.40 × 101 8.02 × 102 2.41 × 103 3.31 × 102 

        3 1.34 × 103 5.90 × 101 1.34 × 103 4.02 × 103 5.49 × 102 

        3.5 1.83 × 103 7.10 × 101 1.83 × 103 5.49 × 103 7.56 × 102 

        4 1.92 × 103 8.00 × 101 1.92 × 103 5.77 × 103 7.89 × 102 

7 days      

        2 4.05 × 102 2.00 × 101 4.05 × 102 1.22 × 103 1.64 × 102 

        2.5 7.77 × 102 3.58 × 101 7.78 × 102 2.33 × 103 3.20 × 102 

        3 1.67 × 103 6.60 × 101 1.67 × 103 5.01 × 103 6.88 × 102 

        3.5 2.77 × 103 1.16 × 102 2.77 × 103 8.32 × 103 1.86 × 102 

        4 3.84 × 103 1.73 × 102 3.42 × 103 1.03 × 104 1.88 × 102 

14 days      

        2 5.01 × 102 2.50 × 101 5.02 × 102 1.50 × 103 2.04 × 102 

        2.5 7.85 × 102 3.30 × 101 7.86 × 102 2.36 × 103 3.25 × 102 

        3 1.86 × 103 7.90 × 101 1.86 × 103 5.59 × 103 7.75 × 102 

        3.5 3.23 × 103 1.49 × 102 3.23 × 103 9.70 × 103 1.35 × 103 

        4 3.92 × 103 1.82 × 102 3.92 × 103 1.18 × 104 1.77 × 104 

Table 2.2. Results of frequency sweep tests applied to different concentrations and curing times of 

Laponite RD®. The complex viscosity, η*, is the average value for the range of frequencies at which 

Gʹ and Gʺ were measured. 

 

 

X (wt.%) Gʹ (Pa) Gʺ (Pa) G* (Pa) E* (Pa) η* (Pa s) 

3 days      

        2 3.48 × 102 1.90 × 101 3.49 × 102 1.05 × 103 1.38 × 102 

        2.5 8.01 × 102 3.40 × 101 8.02 × 102 2.41 × 103 3.31 × 102 

        3 1.34 × 103 5.90 × 101 1.34 × 103 4.02 × 103 5.49 × 102 

        3.5 1.83 × 103 7.10 × 101 1.83 × 103 5.49 × 103 7.56 × 102 

        4 1.92 × 103 8.00 × 101 1.92 × 103 5.77 × 103 7.89 × 102 

7 days      

        2 4.05 × 102 2.00 × 101 4.05 × 102 1.22 × 103 1.64 × 102 

        2.5 7.77 × 102 3.58 × 101 7.78 × 102 2.33 × 103 3.20 × 102 

        3 1.67 × 103 6.60 × 101 1.67 × 103 5.01 × 103 6.88 × 102 
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Figure 2.8. Results from frequency sweep tests of Laponite RD® showing the frequency dependence 

of dynamic moduli (a) Variations of storage, Gʹ, and loss moduli , Gʺ, values in the LVE domain (γ < 

1%) with change in frequency from 0.1 s-1 to 100 s-1. (b) Calculated complex shear, G*, and Young’s, 

E*, moduli values within the LVE domain for different Laponite RD® concentrations and curing 

(aging) times. 

 

(b) 
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2.4.3. Temperature sweep tests 

The effective viscosity,  of LRD mixtures measured at a slow heating rate of 2 °C per minute 

at constant shear strain rates, �̇�, varies by 4 orders of magnitude as �̇� is increased from 0.01 s-1 

(Fig. 2.9a) to 50 s-1 (Fig. 2.9b). The effective viscosity is nearly independent of temperature 

between 20 °C and 50 °C for LRD concentrations up to 2.5 wt.% for �̇� = 0.01 s-1 (Fig. 2.9a) 

and up to 3 wt.% for �̇� = 50 s-1. Above these concentrations, the effective viscosity decreases 

significantly with increasing temperature at both strain rates. This decrease is greatest during 

the first few initial temperature increments for higher LRD concentrations (> 3.5 wt. %).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. Temperature dependence of viscosity for different concentrations of Laponite RD. 

Strain rate is constant at 0.01s-1 (a) and 50 s-1 (b). Note that the effective viscosity of LRD at low 

concentrations is not sensitive to temperature for both lower and higher strain rates. The effective 

viscosity does not vary at higher strain rate for all concentrations except 4 wt. %.  
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2.4.4. Rotational strength tests  

Results of the rotational strength tests are presented in Table 2.3 and Figure 2.10. The stress-

strain curves show that there is a strength increase with longer curing times (compare Fig. 2.10a 

and b). All concentrations show a linear viscoelastic response up to shear strain values of 10 % 

(i.e. the yield strength or limit) followed by a phase of strain hardening until a peak strength, 

τm (Pa), is reached when γ > 15 - 20 % (Fig. 2.10c). The peak strength value in Fig. 2.10, 

increases with LRD concentration and age (Fig. 2.11), while the corresponding shear strain is 

roughly constant. A decrease in shear stress values at strains beyond the peak stress indicates 

a phase of strain softening (Fig. 2.10c). Shear stresses eventually reach constant values at high 

shear strains, corresponding to plastic deformation. The shear strength, τm (Pa) of different 

LRD concentrations is characterised by an empirical linear relationship with the sample age 

given in Fig. 2.11b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

X 

(wt. %) 

3 days  7 days  14 days 

    γ (%)  τm (Pa)    γ(%)  τm (Pa)     γ (%)  τm (Pa) 

2 20.2 26  20.2 40  20.2 59 

2.5 20.2 37.2  15.2 55  15.2 84 

3 15.2 103  15.2 143  15.2 183 

3.5 20.2 150  15.2 223  15.2 238 

4 20.2 194  15.2 258  15.2 385 

Table 2.3. Results of rotational strength tests and the corresponding maximum shear strength (τm) 

and shear strain (γ) for different sample ages and Laponite RD concentrations. 
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Figure 2.10. Rotational strength test results for different Laponite RD® concentrations showing 

shear stress variation for shear strains up to 500%. Strain rate is constant at 0.1 s-1. The curing time 

varies from (a) 3 days to (b) 7 days. (c) Interpreted section of the lower shear strain region of (b).  

(b) 

(c) 
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2.4.5. Creep and recovery test  

Results of the creep and recovery test for 4 wt. % LRD are presented in Fig. 2.12. During stress 

loading (τ = 70 Pa) at t = 0 s, shear strain (γ0) increases instantaneously up to 0.0303 %. Then 

it shows a time dependent increase in viscoelastic (γVE) and visco-plastic (γVP) shear strain up 

to 0.0702 % when the shear stress is removed instantaneously (t = 1150 s).  When the shear 

stress is removed, the recovery stage is characterized by an instantaneous drop in shear strain 

from 0.0702 % to 0.0454 %, corresponding to the elastic recovery (γE = 0.0248 %) of the sample. 

This elastic recovery is different from the initial instantaneous strain (γ0 = 0.0303 %).  The (γ0 

- γE) discrepancy is therefore considered to record an instantaneous time independent perfectly 

plastic strain, γP (Perl et al., 1983). After this, the material undergoes a period of time dependent, 

recoverable viscoelastic strain (γVE). During this recovery period between t = 1150 and 3840 s 

the shear strain decays, reaching a permanent, time independent shear strain (γVP + γP) of 

0.0242 %. Results from the creep and recovery tests for different LRD concentrations (Table 

5) at constant curing time (3 days) show a drop of the initial instantaneous strain, γ0 from 0.0303 

to 0.0228 % as concentration decreases from 4 to 3 wt. %, respectively. Moreover, as 

concentration is lowered, the values of γE and γVP decrease and the time independent plastic 

strain (γP) increases from 0.0055 to 0.0074 %. Similar shear strain (γE, γVE, γVP and γP) values 

are obtained for each concentration during the creep and recovery phases (see Table 4). 

The shear strain versus time curve from this test shows the creep and recovery phases of the 

material, which are subdivided into different regions, representing characteristic mechanical 

behaviours of the sample. The creep phase has three distinct regions: (I) an initial instantaneous 

and time independent, elastic and perfectly plastic increase in shear strain in response to the 

applied instantaneous stress; (II) a secondary time-dependent viscoelastic response that will 

eventually be recovered when the stress is removed; and (III) a tertiary non-recoverable visco-

plastic deformation. The recovery phase mirrors the same regions: an elastic recovery of the 

material due to the removal of the applied stress; delayed time-dependant viscoelastic recovery 

and a final non-recoverable component of permanent visco-plastic and plastic deformation, 

attributed to the visco-plastic response of the material. 
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LRD 

(wt. %) 

 Creep phase  Recovery phase 

 γ0 γE γVE γVP γP   γE γVE γVP γP  

4  0.0303 0.0248 0.0214 0.0187 0.0055  0.0248 0.0214 0.0187 0.0055 

3.5  0.0261 0.0194 0.0239 0.0097 0.0067  0.0194 0.0239 0.0097 0.0194 

3  0.0228 0.0154 0.0255 0.0067 0.0074  0.0154 0.0255 0.0067 0.0074 

tsample age (days) 

τ m
 

Concentration 

τ m
 

Figure 2.11. (a) Maximum shear stress (i.e. shear strength, τm) versus Laponite RD® concentrations 

for different curing times (tsample age). (b) Shear strength versus curing time for each Laponite RD® 

concentration. 

 

 

Table 2.4. Shear strains under different mechanical regimes measured during creep and recovery 

phases for different LRD concentrations. Curing time is constant (3 days). See text for the definition 

of symbols. 

 

 

 

Table 3 

Results of the rotational strength tests and the corresponding maximum shear strength (τm) 

and shear strain (γ) for different sample ages and Laponite RD concentrations. 
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2.5. Discussion 

We investigated the rheological properties of LRD in order to assess its suitability as a crustal 

analogue for use in analogue modelling experiments. Physical parameters such as 

concentration, temperature and ageing time have been considered to fully characterise its range 

of mechanical properties, discussed below. 

2.5.1. Rheology of Laponite RD® 

According to the rheological results presented above, LRD shows complex mechanical 

behaviours that vary from linear viscoelastic, non-linear viscoelastic, visco-plastic to plastic.  

The tests demonstrate that at low strains, characterisation of the linear and non-linear 

viscoelastic response of a material is important for predicting its deformation behaviour. As 

observed from the oscillatory tests, all measured concentrations of LRD in the gel state are 

viscoelastic (Figs. 2.7, 2.8). However, the linear viscoelastic region occurs below a critical 

strain amplitude, γc, which decreases from ~ 3% to ~ 1 % as concentration is increased from 2 

Figure 2.12.  Results of a creep and recovery test for 4 wt. % Laponite RD® after 3 days of curing. 

Creep lasted t = 1150 s at a shear stresses τ = 70 Pa, after which the shear stress was set to 0 Pa and 

recovery started. Shear strains are marked as linear elastic (γE), perfectly plastic (γP), viscoelastic 

(γVE) and visco-plastic (γVP). γ0 is the total instantaneous shear strain upon stress loading to τ = 70 Pa. 
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to 4 wt. % (Table 2.1). In this LVE domain, the elastic storage modulus (Gʹ) of LRD dominates 

over the loss modulus (Gʺ), a measure of viscous dissipation, by two orders of magnitude (Fig. 

2.7).  

Beyond the critical shear strain that limits the LVE domain, the elastic properties of LRD 

decrease and its viscous properties become more important.  Non-linear viscoelastic behaviour 

starts at this point, resulting in permanent deformation of the material. These behaviours can 

be explained by a Maxwell viscoelastic model (Fig. 2.4d), with a linear elastic component 

(spring) in series with a viscous component (dashpot).  In this model the spring accommodates 

low amounts of recoverable elastic strain, and above γc permanent strain is accumulated in the 

viscous dashpot.  

From the frequency sweep tests (Fig. 2.8) it is clear that, within the LVE domain, Gʹ is almost 

independent of the measured frequency range, except at very low frequencies (< 0.8 s-1). At 

frequencies below 0.8 s-1, Gʹ starts to decrease and Gʺ continuously increases. The Maxwell 

relaxation time (tm), defined as the inverse frequency (i.e., 1/ω = tm) at the crossover points of 

Gʹ and Gʺ, could not be determined within the tested frequency range because such a crossover 

is not reached. Around the lowest frequency we could achieve ( ̴ 2 × 10-1 s-1, i.e., t = 5 s), Gʹ 

and Gʺ are still approaching each other. This places an upper bound on the Maxwell relaxation 

time of tm > 5 s, which is higher than that of pig skin gelatine (0.3 – 1.5 s; van Otterloo and 

Cruden, 2016).  

The storage (Gʹ) and loss modulus (Gʺ) values of LRD determined here (Gʹ = 6.28 × 101 – 3.23 

× 103 Pa and  Gʺ = 29 – 295 Pa at ω = 10-1 s-1 – 102 s-1) are very similar to measurements by 

Willenbacher (1996), Mourchid et al. (1998) and Morariu and Bercea (2011) which used cone 

and plate geometry. However, Willenbacher (1996) and Mourchid et al. (1998) used LRD 

samples with different ionic strengths by adding NaCl, and Morariu and Bercea (2011) tested 

aqueous solutions of polyethylene glycol (PEG) containing LRD. 

2.5.2. Comparison of the rheological properties of Laponite RD® and gelatine 

The Gʹ and Gʺ values of pig skin gelatine measured by frequency sweep tests (van Otterloo and 

Cruden, 2016) with a smaller frequency range (ω =  1 – 500 s-1) vary from 4.25 × 104 - 2.88 × 

104 Pa (T = 5 – 20 °C, ω =  1 – 500 s-1 and X = 1 - 10 wt.%) and 4.22 - 49.6 Pa respectively, 

which are similar to values for LRD. The storage and loss modulus values are also similar to 

those reported for pig skin gelatine by Di Giuseppe et al. (2009; Gʹ 1.76 × 101 - 2.15 × 103 Pa 
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and Gʺ 0.3 – 23.4 Pa at T = 10 °C and X = 1- 4 wt. %) and Brizzi et al. (2016; Gʹ 4.64 × 101 – 

7.23 × 102 Pa and Gʺ 1.37 – 14.1 Pa at T = 10 °C and X = 2.5 wt. %). However, Brizzi et al. 

(2016) used pig skin gelatine (2.5 wt. %) with different concentrations of NaCl, finding that, 

for the same gelatine concentration, Gʹ and Gʺ values decrease as the NaCl concentration 

increases.  The maximum shear strain (γc) at which LRD deforms in the linear viscoelastic 

domain is similar to pig skin gelatine. In LRD γc is higher (> 2.16 %) for concentrations < 3 

wt. % and lower for concentrations > 3 wt. % (see Table 2.1). In pig skin gelatine, γc is higher 

(10 % - 21.5 %) for lower concentrations < 3 wt.% and lower (3.16 %) for concentrations > 5 

wt.% (van Otterloo and Cruden, 2016). However, γc values for pig skin gelatine are higher than 

those of LRD at similar concentrations. Hence, for similar concentrations, the critical shear 

strain (γc) of LRD is lower than that of gelatine.  

The calculated Young’s modulus values of LRD (1.05 × 103 - 1.18 × 104 Pa at T = 22. 5 °C) 

are similar to those reported for gelatine by Kavanagh et al. (2013; 4.4 × 103 - 1.5 × 104 Pa at 

T = 5 °C and X < 4 wt. %) and Van Otterloo and Cruden (2016; 103 - 104 Pa at T = 5 °C and 

X < 5 wt. %). The complex shear modulus values of LRD (3.49 × 102 - 3.92 × 103 Pa at T = 22. 

5 °C) are also similar to those reported for pig skin gelatine (Van Otterloo and Cruden, 2016; 

6.34 × 102 – 7.02 × 103 Pa at T = 5 °C and X = 3-10 wt. %).  

The peak shear strength values of 4 wt.% LRD samples after 7 and 14 days of curing are 258 

Pa and 385 Pa, respectively, similar to the those reported by Wallace and Rutherford (2015; 

300 Pa and 360 Pa) who used a shear vane method to measure the peak undrained shear strength 

of LRD. The maximum shear strength values of gelatine (823 – 12,000 Pa at T = 5 °C, X = 1- 

4 wt. %) are one to two orders of magnitude higher than the LRD concentrations measured here 

(Van Otterloo and Cruden, 2016). Shear strain values corresponding to the peak strength of 

gelatine vary from 167 – 127 % as concentrations increase from 1 – 4 wt.% (Van Otterloo and 

Cruden, 2016), while the maximum peak strength shear strain values of the LRD concentrations 

measured here vary between 15 and 20 %.  

2.5.3. Implications for the use of Laponite RD® as a rock analogue 

Our results reveal that the stress-strain behaviour of all LRD concentrations changes from 

linear viscoelastic to plastic, after undergoing a sequence of yielding, strain hardening, peak 

strength and strain softening processes (Fig. 2.10), similar to the low temperature stress-strain 

behaviour of natural rocks under confining pressure (Giuseppe et al., 2009). At shear strain 
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rates of 0.01 s-1 and shear strain amplitudes γ < 10 %, all LRD concentrations behave 

predominantly elastically and can therefore be used to model brittle elastic deformation of 

rocks with different mechanical properties (e.g., Young’s modulus). These properties will 

depend on the concentration of LRD and the curing time (Equations 6 -10). At shear strain rates 

of 0.1 s-1 and strain amplitudes γ > 26.2 %, LRD can be used to model plastic deformation of 

rocks (Fig. 2.10c).  

 

 

 

Figure 2.13 presents a rheological model for 2 – 4 wt. % concentrations of LRD based on the 

various test results reported here. LRD is best described as combining a Bingham-Maxwell 

(elasto-visco-plastic) model and a Kelvin-Voight (viscoelastic) model in series with an 

additional frictional element. This behaviour is linked to the creep and recovery test results in 

Fig. 2.12. During the initial stress loading, the instantaneous and time independent elastic (γE) 

and plastic strains (γP) in region I are represented by the E1 spring and the frictional element 

(F).  The recoverable and time dependant viscoelastic (γVE; region II) behaviour is modelled 

by the Kelvin-Voigt viscoelastic element (E2, η2). The non-recoverable and time dependant 

visco-plastic (γVP; region III) response of LRD during the steady state creep phase is described 

by dashpot (η1) and plastic (F) elements are in parallel. This creep and recovery behaviour is 

similar to a Burgers model (see Fig. 2.4h). However, a Burgers model only accounts for the 

instantaneous elastic strain component, not the instantaneous plastic strain component 

observed in our creep and recovery tests (Fig. 2.12). 

 

 

Figure 2.13.  Rheological model of Laponite RD based on creep and recovery tests (Fig. 2.12) and 

other rheological analyses. A Bingham - Maxwell model (E1, η1 and F; outlined in dotted line box) 

and Kelvin-Voigt (E2, η2) units are in series with an additional frictional element (F).  

 

 



43 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Layer 2 (L1) 

Inlet 

Layer 1 (L2) 
Interface (a) 

1 cm 

(b) 

1 cm 

(c) 

1 cm 

Needle 

(e) 

θ 

1 cm 

Offset magma lobes  
Magma fingers 

3 

3 

(d) 

L2 =2 wt. % 

L1 =2 wt. % 

Experiment A Experiment B 

t = 375 sec  t = 175 sec  

Figure 2.14. Magma intrusion experiments in which analogue magma (paraffin oil) is injected, via a needle 

and peristaltic pump, into LRD with different concentrations. Experimental set up (a) and results of 

experiment A (b, c) and B (d, e). Magma and host rock analogues are paraffin oil (red colour) and LRD (pale 

yellow colour) respectively. (b) side and (c) overhead view of experiment A with 2 wt.% LRD in both layers. 

(d) side and (e) overhead view of experiment B with 3 wt.% LRD layers. In experiment B (d, e), blue lines are 

traces of tip propagation geometries and θ (̴ 25°) is the angle of the inclined sheet that formed at later stages. 

In (d) and (e) the intrusion formed a saucer-shaped sill, where the originally flat sill expanded along the L1/L2 

interface until the tip changed orientation and propagated upwards forming a saucer-shape.  
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2.5.4. Application to magma intrusion experiments 

Different types of gels are commonly used as crack formation and propagation media to model 

sill and dyke emplacement in laboratory experiments (Kavanagh et al., 2006; Bertelsen et al., 

2018b). Here we present two examples of how different concentrations of LRD may be used 

as crustal analogues for magma intrusion experiments. The experimental setup (Fig. 2.14a) is 

designed to facilitate lateral emplacement of sills at different crustal levels. Two layers (L1 - 

bottom, L2 - top) of LRD with the same concentration were placed into an open-topped 

plexiglass tank (30 cm x 30 cm x 6 cm) approximately one hour after each other. The top layer 

solution was slowly poured through a tube along the walls of the tank to avoid any impact on 

the interface. Both the bottom and top layers at the time of pouring were at room temperature 

(22.5 °C). Therefore, temperature differences between the layers will have a negligible 

influence on the interface strength. This is further supported by temperature sweep test results 

(Fig. 2.9a, b), where the effective viscosity of LRD is either independent or varies only slightly 

Table 2.5. Experimental variables and their corresponding values in nature.   

g 
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(LRD 4wt. %) within a temperature range of 20 – 50 °C. Room temperature paraffin oil BP 

(Newtonian viscous; density = 0.85 g/cm3) was then injected horizontally into the interface 

between the LRD layers via a nozzle at the side of the tank, fed by a peristaltic pump at a 

controlled flow rate (1 ml/min). 

2.5.4.1. Scaling of magma intrusion experiments 

We scaled our experiments to nature (Table 2.5) using the methods developed by Hubbert 

(1937) and Ramberg (1982), and used by Merle and Borgia (1996), Mathieu et al. (2008) and 

Galland et al. (2009). The principle is to define scaling factors and dimensionless numbers for 

the model, which simulates similar geometric, kinematic and dynamic processes in nature.  

We have defined the length scaling factor (L*) as the ratio of the final length of a sill in the 

experiment (lm) to the length of a sill in the shallow crust (lp). In our case L* = lm/lp = 10-4 (1 

cm represents 100 m). The density scaling factor ρ* = 0.357 is the ratio between the density of 

LRD in the experiments and natural sedimentary host rocks, and the gravitational acceleration 

scaling factor g* = 1. This gives a stress scaling factor 

σ* = ρ*g*L* = 3.57 x 10-5         (2.5) 

Natural magma intrusion velocities range from 0.1 m s-1 to 0.5 m s-1 (Spence and Turcotte, 

1985; Kavanagh et al., 2013). Taking a lower intrusion velocity of 0.2 m s -1 and the average 

model intrusion velocity in our experiments of ~1·10-3 m s-1 gives a velocity scaling factor, V* 

= 5 x 10-3. We can now define the time scaling factor as 

t* = L*/V* = 2 x 10-2          (2.6) 

Using σ* and t*, the viscosity scaling factor is 

µ* = t*σ* = 7.14·10-7                     (2.7) 

To scale the volumetric flow rate of the intruding magma we consider the density difference 

(Δρ*) and Young’s modulus (E*) ratios. Firstly, Δρ* ~ 1.5 is calculated using the ratio of the 

density differences between the host rock and the magma in the model and nature (Table 2.1). 

The Young’s modulus measured for LRD concentrations used in the experiment after 7 days 

curing time is in the range 103 - 104 Pa. Young’s moduli for upper crustal rocks ranges from 

109 to 1010 Pa (Kavanagh et al., 2013), so E* in our study is in the range 10-7 – 10-5 Pa.  
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Using Δρ*, L*, V*and E* we can define the volumetric flow rate ratio: 

Q*= Δρ*L*3E*-1V* = 6.25 x 10-10 - 3.75 x 10-7               (2.8) 

Therefore, our experiments represent host rocks that are ~105 – 107 times weaker than nature, 

and 1 min in our models represents 0.83 hrs in nature. The intruding liquid in the experiments 

corresponds to a magma with a viscosity of 104 Pas, which represents a basalt or basaltic 

andesite with low crystal content. The volumetric flow rate scaling factor gives values from 

0.05 to 26.56 m3s-1 in nature, which is in the range of natural values recorded for volcanic 

systems (Traversa et al., 2010; Chanceaux and Menand, 2016).  

2.5.4.2. Experimental observations 

In experiment A (L1 = 2 wt.%, L2 = 2 wt.% LRD), the injected paraffin oil formed a perfect 

sphere or blob (Figs. 2.14b, c) at the needle tip, which then expanded upward through L1 by 

increasing its diameter. From Figures 2.8b and 2.10 it is clear that the Young’s modulus and 

yield stress of 2wt. % LRD are low. Therefore, 2 wt. % LRD is capable of undergoing visco-

plastic flow after yielding and its behaviour is almost fluid-like. Due to this visco-plastic flow 

behaviour under low stresses, the elastic strain energy of the growing intrusion is dissipated 

before a crack can form. Since there was no evidence for brittle failure in this experiment, we 

interpret the paraffin oil intrusion to have been emplaced by visco-plastic yielding of the LRD 

and ballooning.  

In experiment B, with higher concentration LRD (L1 = 3 wt. %, L2 = 3 wt. %) the paraffin oil 

was emplaced by brittle sill propagation. An initial flat inner sill formed at the L1/L2 interface, 

followed by the formation of an inclined sheet (after 190 s) to define a saucer-shaped intrusion 

(Figs. 2.14d,e). Finger-like geometries and offset lobate segments (Figs. 2.14d,e; blue lines) 

formed during sill propagation, resembling features observed at the margins of sill complexes 

in nature (Thomson and Hutton, 2004; Magee et al., 2016). The horizontal inner sill (at the 

interface) and the inclined outer saucer segments indicate brittle, tensile fracture propagation 

mechanisms. Therefore, under the experimental conditions reported here, higher 

concentrations of LRD behave like solids and form tensile brittle cracks, which are favoured 

over spherical intrusions to minimise elastic strain energy.  This is because the elastic strain 

energy of a penny-shaped crack is significantly less than that of a sphere (Kato et al., 1996).  

The formation of finger-like geometries and lobe segments may be related to the development 

of elasto-viscoplastic instabilities at the propagating sill front (e.g., Eslami and Taghavi, 2017; 
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Pihler-Puzović et al., 2018).  However, further discussion of such instabilities is beyond the 

scope of the present paper and is the subject of future work in preparation (Chapter 4). 

The 3D intrusion experiments presented here show different structural and geometrical 

behaviours to the experiments reported by Bertelsen et al. (2018), in which oil was injected 

vertically into Laponite bounded by two vertical, parallel glass plates spaced 5 mm apart (i.e., 

a Hele-Shaw cell). At high concentrations (3.5 wt. %) and very low curing times ( ̴ 0 min), the 

oil intrusions have round shapes, which Bertelsen et al. (2018) attributed to viscous flow of the 

LRD. In our experiments, lower LRD concentrations (2 wt. %) and longer curing times (3 days 

result in 3D blob-like intrusions (Figs. 2.14b, c), which we argue were controlled by plastic 

yielding and flow of the gel. At such low concentrations in our experiments, the intrusion shape 

is not influenced by the relatively weak interface between the two layers (Kavanagh et al., 

2015), suggesting that the gel structure of LRD may not be fully formed, but still behaving like 

a weak solid with very low Young’s Modulus and complex shear modulus values (Fig. 2.8). 

This is further supported by rotational strength tests of 2 and 2.5 wt. % LRD, which determined 

very low yield stress and peak strength values, and almost ideally plastic post-yielding 

behaviour (Fig. 2.10).  

For longer curing times (40 – 240 min) and a higher LRD concentration (3 wt. %), oil intrusions 

in Bertelsen et al.’s (2019) experiments propagated either by viscoelastic fracturing, shear 

faulting or elastic tensile fracturing, or a combination of all three. At higher concentrations 

(Experiment B; 3 wt. %) and longer curing times, our experiment displayed a complex intrusion 

behaviour, forming a sill with finger-like segments at the propagating front, which eventually 

developed into a saucer-shape intrusion (Figs. 2.14d, e). In this case, the propagation of the 

intrusion was directly controlled by the interface between the layers.  We infer from these 

observations that the LRD gel responded to the injection of oil by brittle elastic fracturing.  

The combination of rheological measurements and preliminary experimental results presented 

here indicate that LRD is an ideal analogue material for modelling magma intrusions and 

fracture propagation in shallow crustal rocks. There is also considerable potential for the use 

of LRD in other analogue modelling applications such as fault development within landslides, 

studies of localized versus distributed faulting within the upper crust, as well as earthquake and 

subduction simulations.  The mechanical properties of LRD vary significantly with 

concentration and curing time, displaying elastic, visco-elasto-plastic to plastic rheological 

behaviours depending on the applied strain and strain rates. 
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2.6. Conclusions 

LRD is well suited as a brittle-elastic rock analogue for modelling upper crustal rocks during 

magma emplacement and fracture propagation. It has low surface tension, which minimizes 

surface tension effects in geological experiments and is chemically and biologically stable, 

which is advantageous for safe laboratory work.  LRD is also fully transparent and photo-

elastic so it can be used to visualise stress patterns in host-rock analogues (e.g., Bertelsen et al. 

2018).  

The rheological tests reported here characterise the mechanical behaviour of different 

concentrations of gel-forming LRD. Our results show that LRD is linear viscoelastic with 

elasticity dominated mechanical properties at low shear strains (<10 %, shear rate = 0.1 s-1). At 

higher shear strains (>26.2 %) all LRD concentrations show permanent plastic deformation as 

shear strain increases. The transitions between these behaviours depend on the applied strain 

and strain rate, composition and curing time of the sample, and are much less effected by 

temperature. 

LRD with concentrations from 2.5 wt. % to 4 wt. % are suitable analogues to model brittle 

elastic and plastic deformation of rocks in the Earth’s crust. Concentrations above 4 wt. % are 

not recommended as they form a gel structure too quickly, which prevents proper mixing, 

resulting in clumps and trapping of air bubbles.  To model brittle viscoelastic behaviour in the 

laboratory, shear strain amplitudes γ must be < 10% (at shear strain rate 0.1 s-1).  Plastic 

deformation occurs at shear strain amplitudes γ > 26.2 % and a more complex behaviour 

develops in between these strain limits. Hence, LRD has significant potential as a laboratory 

analogue modelling material because it reproduces the full range of upper crustal rock 

behaviours from elastic, visco-elasto-plastic to plastic.  
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Abstract 

Igneous sills with characteristic saucer shapes are observed in sedimentary basins worldwide. 

Previous sill emplacement models using end-member rheological properties (i.e., brittle elastic 

or plastic) have produced saucer-shaped sills with simple planar geometries. However, these 

models either do not fully reproduce the profiles of natural saucer-shaped sills, or they require 

high horizontal stresses to account for sill geometries in nature. Furthermore, field and 3D 

seismic observations indicate that saucer-shaped sills have non-planar margins, which are 

characterised by the presence of lobate or finger-like segments. Here we present the results of 

a series of scaled laboratory experiments that model magma emplacement into layered rocks, 

such as those found in sedimentary basins, with a particular focus on the formation of saucer-

shaped sills. The experiments employ visco-elastic-plastic Laponite RD® (LRD) gels to model 

upper crustal rocks, and Newtonian paraffin oil as the magma analogue. Both homogenous and 

layered analogue upper crust is considered, where layering is simulated by varying the 

concentration and strength of LRD. Paraffin oil is injected from the side wall of the 

experimental tank. In homogenous 3 wt. % LRD, the injected oil formed a saucer-shaped 

intrusion with the shortest inner sill observed among all of the experiments. Saucer-shaped sills 

always formed in experiments with a two-layer upper crust, in which paraffin oil is injected 

along or adjacent to the contact between layers. These experiments show sharp transitions from 

an inner flat sill to outer inclined sheets, which are characterised by non-planar margins. The 

experimental results show that: (1) the transition from an inner flat sill to outer inclined sheet 

occurs when the sill radius to overburden depth ratio (r/H) is between 0.5 and 2.5; (2) the 

inclined sheets propagate upwards with angles, θ = 15° to 25°; (3) the ratio of the Young’s 

modulus (E*) between the layers controls when the inner flat sill to outer inclined sheet occurs; 

and (4) irregular finger-like and/or lobe segment geometries form at the propagating tip of the 

intrusion. The results also suggest that there is no strict requirement for high horizontal stresses 

to form natural saucer-shaped sill geometries. We conclude that the experimental saucer-

shaped intrusions emplaced into layered visco-elastic-plastic crustal analogues better represent 

natural, complex saucer-shaped sill geometries. Furthermore, the observed sharp transitions 

between inner and outer sills are compatible with brittle-elastic fracture mechanisms operating 

at the intrusion scale.   
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3. 1. Introduction 

Igneous sheet intrusions such as dykes and sills are broadly planar structures that are the 

principal pathways for the migration of magma through the upper crust. Although dykes have 

traditionally been considered to play the dominant role in magma plumbing systems, recent 

three dimensional (3D) seismic reflection studies of offshore sedimentary basins suggest that 

mafic sill complexes play a major, and perhaps leading, role in the vertical and horizontal 

transport of magma in the shallow crust (Magee et al., 2016, 2019). Such sill complexes often 

comprise non-planar, interconnected saucer-shaped sills and inclined, strata-discordant 

intrusions (Thomson and Hutton, 2004; Hansen and Cartwright, 2006). 

 

Saucer-shaped sill morphologies are regarded to be a fundamental feature of mafic intrusions 

in shallow sedimentary basins (Galland et al., 2009; Galland & Scheibert, 2013; Chen et al., 

2017). Field observations (e.g., Golden Valley Sill Complex, South Africa; Chevallier and 

Woodford, 1999; Planke et al., 2005; Planke, 2008) and two-dimensional (2D) and 3D seismic 

reflection observations (Hansen et al., 2004; Thomson and Hutton, 2004; Hansen and 

Cartwright, 2006; Hansen et al., 2008) of saucer-shaped sills indicate that they comprise a sub-

horizontal, strata-concordant, inner sill, forming the base, and an inclined, strata-discordant, 

concave upward outer section (Figs. 3.1a, 3.2a). Field observations and 3D seismic surveys 

have also found that these intrusions have non-planar, segmented outer margins consisting of 

lobes and fingers that range in scale from metres to kilometres (Pollard et al., 1975; Thomson 

and Hutton, 2004; Hansen and Cartwright, 2006; Magee et al., 2016). 

 

The emplacement mechanisms of saucer-shaped sills are mainly attributed to either the elastic 

or plastic properties of the host rocks, as well as interaction with Earth’s free surface. By 

considering the Mode I and Mode II stress intensity factors at the tip of a horizontal fluid-filled 

fracture in an elastic medium with a free upper surface, Pollard and Holzhausen (1978) showed 

that horizontal sills transition into inclined sheets when their depth is less than two-times their 

radius. This finding is supported by numerical (e.g. Malthe-Sørenssen. et al., 2004; Walker and 

Gill, 2020) and analogue models (e.g. Bunger et al., 2008) using elastic host rocks, which found 

that saucer-shaped sills form due to the mechanical interplay between elastic deformation 

around the growing sill and upward displacement of the overburden towards a free upper 

surface (Figs. 3.1b, d).  However, models of Walker and Gill (2020) and Bunger et al. (2008) 
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require quite high horizontal stresses to produce geometries that approach those observed in 

nature (Fig. 3.2c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A recent numerical analysis by Haug et al. (2017) using rigid-plasticity theory in a homogenous 

Mohr-Coulomb material showed that saucer-shaped sills can also be created due to inelastic 

damage (i.e., shear failure) caused by an inflating flat sill (Fig. 3.2c).  Furthermore, analogue 

experiments using granular Mohr-Coulomb host-rock materials that undergo plastic 

deformation also formed saucer-shaped sills (Mathieu et al., 2008; Galland et al., 2009) (Fig. 

3.1c). However, inner sill to inclined sheet transitions, sill inclinations and overall geometries 

of saucer-shaped sills of these numerical (Fig. 3.2b) and experimental models (Fig. 3.2c) do 

not match with those in nature (Fig. 3.2a). Furthermore, experiments using brittle-elastic 

gelatine, a common host rock analogue, have successfully produced sills and dykes but not 

saucer-shaped sills (Kavanagh et al., 2006, 2015, 2018a).  

 

All of these saucer-shaped sill emplacement models assume ideally elastic or plastic end 

member rheological behaviour of host rocks. However, Earth’s crust is thought to behave as a 

complex visco-elastic-plastic material (Ranalli, 2001; Bertelsen et al., 2018a). Therefore, the 

Figure 3.1. (a) Oblique aerial view of the Golden Valley sill in the Karoo basin, South Africa 

showing an inner flat sill and outer inclined sheets (from Polteau et al. 2008). (b) Numerical 

simulation by Malthe-Sørenssen et al. (2004) showing upward deflection due to the elastic 

interaction with the overburden. (c) Schematic showing the overburden uplift and corresponding 

shear fault development due to sill inflation, resulting in inclined sheets (from Galland et al. 2009). 

(d) Numerical simulation by Gill and Walker. (2020) showing the morphology of a saucer-shaped 

sill in the absence of a horizontal tectonic compressional stress. 
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models summarised above are likely not able to fully simulate the natural diversity of intrusion 

geometries, including the formation of saucer-shaped sills. Moreover, some models require 

quite high horizontal stresses to get those in nature (Fig. 3.2) (Bunger et al., 2008; Gill and 

Walker, 2020; Walker and Gill, 2020).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. A comparison of saucer-shaped sill geometry in (a) nature, (b) experimental and (c) 

numerical models (modified after Walker and Gill, 2020). The axes plot sill radius (r) against intrusion 

depth (h), normalised by the overburden depth (H). Experiments by Galland et al. (2009) (purple curves 
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in Fig. 3.2b) used elasto-plastic silica powder as the host-rock analogue, while Bunger et al. (2008) 

used brittle-elastic glass or polymethyl methacrylate (PMMA) (blue curves in Fig. 3.2b).  Numerical 

models by Walker and Gill (2020) (red curves in Fig. 3.2c) investigated how a horizontal compressive 

tectonic stress (σr) in an elastic host influences saucer-shaped sill geometries. Haug et al. (2017) used 

a rigid-plasticity approach to simulate sills in a homogenous Mohr-Coulomb material – grey curves in 

Fig. 3.2c plot damage zones, where magma is expected to intrude the host rocks, formed by inflation of 

horizontal cracks of variable starting length. Labels of saucer-shaped sills in nature represent; (a) Sill 

2, (b) Sill 1, (c) Sill 3 and (d) Sill 4 in Canterbury Basin, offshore SE New Zealand (Reeves et al., 2018); 

(e) Morskranes Sill, (f) Sundini Sill, (g) Kvívík Sill, (h) Fugloy Sill, (i) Eysturoy Sill, (k) Streymoy Sill 

and (m) Svínoy-Fugloy Sill in Faroe Islands (Hansen, 2015); (l) Eocene Sill 1 and (n) Eocene Sill 2 in 

Faroe-Shetland Basin (Moy and Imber, 2009); (o) Golden Valley Sill, South Africa and (p) Tulipan , 

Møre basin (Galland et al., 2009). 

 

Most saucer-shaped sills in nature form in sedimentary basins that contain mechanically 

layered strata (Malthe-Sørenssen et al., 2004; Kavanagh et al., 2006; Galland et al., 2009). Sill 

intrusions modelled by Kavanagh et al., (2006, 2015) show that a layered system with a stiffer 

upper layer is required to create experimental sills. According to their experimental results, a 

weaker interface and the rigidity contrast (i.e., Young’s modulus ratio) between the layers play 

major roles in the formation and propagation of sills.  This has been further supported by 

analogue experiments of saucer-shaped intrusions using granular materials (Galland et al., 

2009), which found that mechanical layering is required to create the inner sills of saucer-

shaped intrusions. However, Galland et al. (2009) did not test the effects of rigidity contrasts 

on saucer-shaped intrusion formation and propagation. Therefore, the effect of layering and its 

mechanical properties such as the Young’s modulus ratio on the emplacement of saucer-shaped 

intrusions remain poorly understood. 

 

Although field and 3D seismic reflection data have yielded a wealth of information about the 

geometries of saucer-shaped sills, field observations are limited due to the lack of well-

preserved outcrops. Furthermore, 3D reflection seismic observations are limited by their spatial 

resolution, making it challenging to characterize intrusion geometries and associated structures 

related to their propagation. The geometries and emplacement mechanisms of saucer-shaped 

sills are therefore still poorly constrained and many fundamental questions remain to be 

answered. Such as, is it possible to reproduce the geometry of natural saucer-shaped sills in the 

laboratory using host rock analogues with complex visco-elastic-plastic rheology? What 
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emplacement mechanisms control the development of saucer-shaped sills within complex host 

rock analogues? How do rigidity contrasts between stratigraphic layers influence the 

propagation of intrusions? Are high horizontal stresses strictly required to form natural saucer-

shaped geometries? Understanding of these questions will provide fundamental knowledge and 

insights on the formation and propagation of magmatic intrusions in volcanic plumbing 

systems. 

 

Answering these questions requires experiments that simulate injection of a viscous liquid into 

a visco-elastic-plastic host material, and the ability to analyse the geometry of the resulting 

intrusions and associated host rock deformation. In this paper, we document the results of 

laboratory experiments in which paraffin oil (the magma analogue) is injected into visco-

elastic-plastic Laponite RD® gels, simulating the upper crust. Our objectives are to simulate 

the emplacement of saucer-shaped sills and to better constrain the mechanisms governing their 

fundamental geometry, including the effects of mechanical layering. The complex 

segmentation patterns that are observed at the margins of our model sills are the subject of a 

companion paper (Chapter 4) and only briefly presented here. 

 

3. 2. Experimental methods 

3. 2. 1. Experimental setup 

Our experiments are designed to simulate the horizontal propagation of sills in the laboratory 

and to visualise the resulting lateral flow of analogue magma. The main objective of the 

experiments reported here is to investigate the emplacement and propagation of saucer-shaped 

intrusions in layered analogue host rocks. The experimental setup comprises a plexiglass tank 

(30 cm x 30 cm x 6 cm) filled with layers of Laponite RD® (LRD) gel as the upper crustal 

analogue (Layer 1 and Layer 2, Fig. 3.3). The upper surface of LRD in the tank is a free surface, 

while the vertical side walls and base of the tank are no-slip boundaries. 

 

Paraffin oil (magma analogue) is injected horizontally into the LRD using a tapered needle (2 

mm diameter) via a nozzle at the side of the tank fed by a peristaltic pump at a controlled 

volumetric flow rate. The experiments involve varying the volumetric flow rate of the intruding 

fluid, and the rigidity of the LRD layers. Fluid propagation is monitored by high resolution 
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DSLR cameras (Fig. 3.3) placed above and at the side of the tank to capture the intrusion 

geometry and its evolution in plan and cross-sectional view, respectively.  

3. 2. 2. Image processing  

We use blue-channel pixel intensity values to map contour lines of the intrusion margin over 

time. Pixel intensity values at each time step (I) are normalised by pixel intensity values at time 

step 0 (before the intrusion starts) (I0), resulting in I/I0 = 1 for the LRD host and I/I0 < 1 for the 

intruding fluid. The I/I0 ratio is used to define a threshold for the intruding fluid, which is used 

to determine growth contour lines using a built-in ‘contour’ function in MatLab. Since growth 

contours have irregular shapes, we calculate best-fit circles to the contour line at each time step 

and use the resulting radius to quantify horizontal sill growth rates. However, the intrusion 

radius measurements are not corrected for the slope of the outer sill.  Since the images are 

captured in map view, growth contours for inclined outer sheet intrusions therefore appear 

closer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Schematic diagram of the experimental setup used in this study. A volumetric peristaltic 

pump injects paraffin oil horizontally via a needle into either homogenous or two-layer Laponite RD® 

gel. Two DSLR cameras capture the geometric details of sill propagation from top and side views. 
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3.2.2. Analogue materials 

3.2.2.1. Crustal host rock analogue  

The host rock analogue used in the experiments is Laponite RD® (LRD), a gel-forming grade 

of synthetic smectite clay manufactured by BYK Additives and Instruments (2014). Depending 

on its concentration, curing time and pH, LRD displays a wide range of viscoelastic properties, 

with purely elastic and viscous domains (Bonn et al., 2002; Ruzicka and Zaccarelli, 2011; 

Kaushal and Joshi, 2014; Arachchige et al., 2021). When mixed with water, LRD forms a 

transparent gel, which is similar to gelatine but is colourless and more transparent. Like gelatine, 

its photo-elastic properties can be used to visualize and map stresses associated with 

propagating fractures. LRD is a chemically and biologically stable material and it is easy to 

alter its mechanical properties, such as the Young’s modulus, by changing its concentration. 

LRD has lower surface energy values (24 - 44 mJ/m2; Norris et al., 1993) compared to gelatine, 

a frequently used intrusion host rock analogue (1 J/m2; Kavanagh et al., 2013). This ensures 

that surface tension dynamics are minimized in geological analogue experiments using LRD.  

Rheological measurements of LRD reported by Arachchige et al. (2021) indicate that it is 

suitable for modelling the visco-elastic-plastic deformation of rocks, including elastic and 

plastic end members. Linear visco-elastic (LVE) behaviour occurs for shear strains, γ < 10% 

and strain rate of up to 0.01 s-1 for concentrations from 2 wt. % to 4 wt. % and a curing time of 

72 hours. LRD starts to yield at shear strain, γ = 10 % for concentrations 2 wt. % to 4 wt. % 

with yield strength of 25 to 200 Pa, respectively. Higher shear strains (γ > 26.2 %) and strain 

rate �̇� ≥ 0.01 s-1 must be maintained to model plastic deformation. The Young’s modulus of 2 

wt. % to 4 wt. % LRD, with a curing time of 72 hours vary from 1.05 × 103 to 1.18 × 104 Pa, 

respectively. Here we use Young’s modulus values of LRD as the main host rock variable and 

following Arachchige et al. (2021) assume that LRD is incompressible with Poisson’s ratio = 

0.5.  

 

3.2.2.2. Magma analogue material 

We use paraffin oil at 22.5 °C as the magma analogue due to its non-reactive stability with 

LRD. Paraffin oil has a viscosity of 0.16 Pa s and the density of 850 kg m-3 at this temperature. 

The magma analogue was mixed with red dye without altering its viscosity to provide a better 

visual contrast with the host material. 
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3.2.3. Scaling 

Our experiments are approximately scaled to nature (Table 3.1) using methods developed by 

Hubbert (1937), Ramberg (1982), Merle and Borgia (1996), Mathieu et al. (2008), Galland et 

al. (2009) and Arachchige et al. (2021). The principle is to define scaling factors and 

dimensionless numbers for the model, which ensure approximate geometric, kinematic and 

dynamic similarity to processes in nature.  

 

 

We define the length scale factor (L*) as the ratio between the overburden depth of the sill in 

the model (subscript m) to one in the shallow crust (subscript p), which is initially taken as 10-

4 (1 cm represents 100 m). The ratio between the density of LRD in our experiments and that 

of the natural host rocks (ρ*) is ~ 0.36 and the gravitational acceleration is the same in our 

experiments and in nature (g* = 1). Thus, the stress scaling factor is:  

Table 3.1. Symbols, units and values of variables in nature and model for scaling factors and 

dimensionless ratios. See equation 3.4 and 3.5 for ᴨ4 and ᴨ5. 
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σ* = ρ*g*L* = 3.6 x 10-5       (3.1) 

 

Comparing the average model intrusion tip velocity of ~ 1 x 10-3 ms-1 to an estimated natural 

magmatic intrusion velocity of 0.2 ms-1 (range between 0.1 ms-1 and 0.5 ms-1; Spence and 

Turcotte, 1985; Kavanagh et al., 2013) gives a velocity scaling factor, V* = 5 x 10-3. We can 

now define the time scaling factor as 

 

t* = L*/V* = 2 x 10-2                   (3.2) 

 

Therefore, 1 min in our experiments represents 0.83 hr in nature. Using σ* and t*, the viscosity 

scaling factor becomes 

 

* = σ* t* = 7.2 x 10-7                  (3.3) 

 

So paraffin oil (magma analogue) with a viscosity of 0.16 Pas (Arachchige et al., 2021) is 

equivalent to a magma in nature with a viscosity of 104 Pas, consistent with basaltic andesite 

with low crystal content (Persikov, 1991; Mathieu et al., 2008).  

 

The measured Young’s modulus, E, of LRD concentrations after 7 days curing time used in 

the experiments is 103 - 104 Pa (see Chapter 2) . Since E of upper crustal sedimentary rocks is 

typically in the range of 109 - 1010 Pa (Kavanagh et al., 2013), the Young’s modulus scaling 

factor, E* in our experiments is 10-7 – 10-5. Therefore, based on σ* and E* our model host rock 

is ~105 times weaker than in nature.  

 

With the exception of one experiment (10A), the volumetric flow rate of intruding magma in 

our experiments is kept constant, and only the Young’s modulus of the host rock layers is 

varied between experiments. The only input geometric variable is the Layer 2 overburden depth, 

H (Fig. 3.2). Output geometric variables are the intrusion length, L, thickness, T, and the 

vertical height of the intrusion, h, relative to the interface between the horizontal layers or the 

injection needle. 
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Following the Buckingham-Π theorem (Barenblatt, 2003; Galland et al., 2009), we define five 

independent dimensionless numbers that characterise the system (Table 3.1), which are used 

to assess the geometrical, kinematic and dynamic similarities between the experiments and 

nature. The first three dimensionless numbers are the geometric ratios of the system: 

 

Π1 = T/L, 

Π2 = T/H,         (3.4) 

Π3 = h/L. 

 

The length, L, and the thickness, T, of shallow crustal sills in nature are typically in the range 

of 10 – 100’s km and 20 – 200 m respectively (Galland et al., 2009; Cruden et al, 2017). 

Therefore, Π1 in nature is in the order of 10-2. Experimental sill lengths and thicknesses vary 

between 5 – 9 cm and 1 – 3 mm, respectively, so Π1 is also on the order of 10-2. Overburden 

depth, D, is 3 cm in the experiments and 100 – 3000 m in nature. Thus, Π2 ranges between 0.03 

– 0.1 and 0.006 – 2 in the experiments and nature, respectively. Calculated Π3 values range 

from 0.22 to 0.56 for the experiments, and are estimated to be around 0.3 in nature (Mathieu et 

al., 2008). The geometric dimensionless numbers of the models are therefore close to the 

natural values, indicating approximate geometric similarity.  

The Reynolds number, which is the ratio of inertial to viscous forces in a flow, establishes if 

the flow regime within the intrusion is laminar or turbulent: 

 

Π4 = Re =  
𝜌𝑚𝑇𝑉

𝜂
          (3.5) 

 

where ρm is the density and  is the viscosity of magma. In the experiments, Π4 varies between 

8 × 10-3 to 1.6 × 10-2. Therefore, viscous forces are dominant, inertial forces are negligible and 

the flow is laminar (i.e., Re << 2300; Eslami and Taghavi, 2017). Reynolds numbers for magma 

flow within dykes and sills in nature varies from 2.5 × 10-6 to 270 for felsic and mafic magma 

respectively (Galland et al., 2009). Therefore, the Reynolds numbers in our experiments are 

consistent with those in nature, where magma flow is usually laminar.  

 

The final dimensionless number is the ratio of the magma and the host rock density, 

corresponding to the buoyancy of the magma, which can be expressed by: 
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Π5 = 1 −
𝜌𝑚

𝜌𝑐
                    (3.6) 

  

Where ρc the density of the upper crustal host rocks. In our experiments, Π5 = 0.15 and in nature 

it varies between -0.8 to 0 in the shallow crust (Galland et al., 2009), indicating that magma is 

neutrally to negatively buoyant. In the experiments the analogue magma is slightly positively 

buoyant. However, as most sills form and propagate as horizontal to sub-horizontal cracks, 

buoyancy effects are negligible (Lister and Kerr, 1991; Kavanagh et al., 2006; Galland et al., 

2009) in both nature and experiments. 

 

3.3. Experimental results 

Here we present the outcomes of experiments with two different initial setups. In the first setup, 

the upper crust is represented by a single homogeneous layer. In the second setup, the crust 

comprises two layers with different LRD concentrations and therefore different Young’s 

moduli (Table 2.2). In both setups the viscosity of the intruding fluid and the intrusion depth 

were kept constant, as was the volumetric injection rate, with the exception of Exp. 10A. 

 

 

X = concentration of Laponite RD® (LRD) in deionised water (wt. %);  is density of LRD (kg m-3); E 

= Young’s modulus of LRD (Pa); θ = inclination.  
 

No XLL  ρLL ELL XUL ρUL EUL EL2/EL1 θ  comments 

7 3 1050 5013 - - - - 71 Planar crack 

3 2.5 1045 2405 4 1075 10266 4.27 - Vertical crack in 

bottom layer 

5 3 1050 5013 4 1075 10266 2.05 18.5 Flat sill to 

inclined saucer  

6 3 1050 5013 3 1050 5013 1 17.8 Flat sill to 

inclined saucer 

9 3.5 1060 8317 4 1075 10266 1.23 21.7 Flat sill to 

inclined saucer 

10 4 1075 10266 4 1075 10266 1 16.3 Flat sill to 

inclined saucer 

19 3.5 1060 8317 4 1075 10266 1.23 24.5 Flat sill to 

inclined saucer 

23 2 1040 1216 4 1075 10266 8.44 - Vertical crack in 

bottom layer 

30 3.5 1075 8317 3.5 1060 8317 1 17.1 Flat sill to 

inclined saucer 

10A§ 4 1075 10266 4 1075 10266 1 19.5 Flat sill to 

inclined saucer 

Table 2.2. Summary of experiments and parameters.  
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Subscripts L1 = lower layer and L2 = Upper Layer. 

§The injection volumetric flow rate in all experiments, Q = 1 ml/min, except experiment 10A where  

 Q = 5 ml/min 

3.3.1. Single layer experiments 

When paraffin oil was injected into homogenous LRD with concentration of 3 wt. % (Exp. 7, 

Table 2.2), the intrusion formed a horizontal crack (i.e., a sill) that propagated away from the 

injection point and then at ~360 s deviated upwards toward the free surface as a steeply inclined 

sheet (Fig. 3.4a). The propagating front of the intrusion developed irregular finger-like 

protrusions at the onset of steep upward propagation.  At this stage, a narrow high-flow channel 

also started to form from the injection point, which migrated through the flat sill into the 

inclined sheet (Fig. 3.4a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. (a) Intrusion propagation styles in a homogenous Laponite RD® gels with concentrations 

3 wt. % (Exp. 7). (b) Plan and side views of layered experiments with high rigidity ratio (Er > 4); Exp. 

3 (left panel) and Exp. 23 (right panel). Vertical cracks (dykes) formed within the lower concentration 

(Layer 1). See Table 3.2 for details. 

3.3.2. Two-layer experiments 

In two-layer experiments, the magnitudes of the Young’s moduli of the LRD layers (L1 and 

L2), and the rigidity ratio, Er = EL2/EL1 were varied systematically, while the viscosity of the 

intruding fluid and the volumetric flow rate were kept constant, with the exception of Exp. 10A 
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(Table 3.2). The non-dimensional Young’s modulus ratio, Er, was found to be useful for 

explaining the first-order morphology of the model intrusions. However, second order features 

of the intrusions, such as marginal lobes and fingers are controlled by additional parameters, 

which are discussed in more detail in Arachchige et al. (Chapter 4). In most two-layer 

experiments, an initial planar, sub-horizontal crack formed along the L1/L2 interface and, at a 

certain point, turned upwards to form an inclined sheet, making a saucer-shaped sill that 

eventually erupted at the upper free-surface. 

 

3.3.2.1. Case 1: Two-layer experiments with high rigidity ratio (Er > 4) 

In two-layer experiments with Er > 4 (Fig. 3.4b), the injected paraffin oil formed vertical cracks 

that propagated outwards and downwards from the injection point. These dyke-like intrusions 

were limited to the much weaker, lower layer, which had LRD concentrations XL = 2. 5 and 2 

wt. % in Exp. 3 and 23, respectively (Fig. 3.4b: Table 3.2). The propagating fronts of these 

intrusions were smooth, without segmentation or finger-like protrusions.  

 

3.3.2.2. Case 2: Two-layer experiments with low rigidity ratio (Er < 4) 

In all two-layer experiments with Er < 4, model intrusions initially propagated along the L1/L2 

interface as inner flat, penny-shaped sills (Fig. 3.5a). These sills subsequently bent upwards 

together with dome shaped overburden uplift as they intruded the upper layer, forming inclined 

sheets (Fig. 3.5b). The inclination, θi of these inclined sheets relative to the L1/L2 interface 

was 15° - 25°, becoming steeper as they approached the free surface (Fig. 3.5c). The 

propagating fronts of both the inner flat sill and the outer inclined sheets consisted of lobes and 

finger-like segments that appeared at early stages of growth. When primary individual lobes 

reach a critical width, they bifurcate into secondary smaller lobes and finger-like segments (Fig. 

3.5d). During the propagation of the inner flat sill these lobes and fingers were confined to the 

2D plane of the L1/L2 interface. However, once the inclined sheets entered the upper layer, 

these segments developed 3D morphologies, forming vertically offset, en-echelon structures.  
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Figure 3.5. Side views (left panels) and top views (right panels) of sill propagation in a two-layer 

experiment (Exp. 6) as a function of time (T). (a) Propagation of the inner sill along the two layer 

interface. (b) Onset of outer, inclined sill formation. (c) Offset lobes and fingers forming at the 

propagating sill margin. θi is the dip of the inclined sheet. (d) Formation and propagation of lobes and 

magma fingers and associate magma pathways. Paraffin oil (red) is injected from the left through a 

needle into transparent Laponite RD®. The sill expands radially and breaks into lobes and fingers. Lobe 

segments show distinct primary (blue) and secondary margins (black) and final magma transport 

directions (black and red arrows). 

 

Figure 3.6 plots the vertical profiles of all saucer-shaped sills formed in the one- and two-layer 

experiments, in which the intrusion height (h) and the radius (r) are normalised by overburden 

depth (H). The transition radius from the inner sill to the outer inclined sheet occurs over a 

range of r/H values and the inclined sheets have variable inclinations, θi. The single layer 

experiment (Exp. 7) has the smallest transition radius (r/H < 0.5) and the steepest outer sheet 

inclination (71°). In two-layer experiments with 1 < Er < 4 (Exp. 5, 9 and 19), the transition 
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radius occurs at r/H = 0.5 – 1.25, with much shallower outer sheet inclination angles (15°-25°). 

However, these inclination angles vary by 2° – 3° in Experiments 5, 9 and 19, indicating a 

small degree of uncertainty. Experiments 9 and 19 differ from experiment 5 in that ELL is ~81% 

of EUL, whereas in Experiment 5 this is ~49%. Therefore, sill inclinations are substantially 

different between experiments, reflecting the relative difference in stiffness between layers.  In 

experiments with E* = 1 (Exp. 6, 10, 10A, 30), the inner flat sills are considerably wider and 

the transition to the outer inclined sheet occurs at r/H = 1 - 1.5 with similar θi angles to the 1 < 

Er < 4 experiments. However, as the relative stiffness increases between Experiment 6 to 30, 

the inner sill appears to increase in length and the inclination angles are similar. By comparison, 

the only difference between Experiments 6 and 7 is the interface between the layers in 

Experiment 6, but it has a much longer inner flat sill with same inclination angle (Fig. 3.6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. Normalised vertical profiles of sills observed in homogeneous and two-layer experiments. 

Shortest inner sill and the steepest outer sill are form by the homogenous layer experiment (Exp. 7). In 

layered experiments, the outer sill profiles are concave upward, becoming steeper toward the upper 

surface.  

1 < Er < 4 

Er = 1 
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3.3.3. Growth and propagation of the inner and outer sills 

Growth contour maps of the propagating fronts of saucer-shaped sills with rigidity ratios Er < 

4 are shown in Figure 3.7. Because the maps are in plan view, growth contours within the 

inclined sheets appear more closely spaced than the inner flat section of the sill. Propagation 

styles for experiments with Er = 1 (Exp. 6, 30, 10) vary systematically as the absolute value of 

E and concentration of LRD increases within Layer 2. For Er = 1 and an LRD concentration of 

3 wt. % in L1 and L2 (Exp 6; Fig. 3.5d and 3.7a, Table 3.2), the intrusion propagated with a 

highly segmented margin characterised by finger-like and lobe structures. The absence of 

contours at early time steps is due to the unavailability of images due to a momentary camera 

failure. In Exp. 30 (Fig. 3.7b), with L1 and L2 concentration = 3.5 wt. %, growth contours 

indicate a propagation front with moderately developed segments. When the L1 and L2 LRD 

concentration = 4 wt. % in Exp. 10, the growth contours are smooth, indicating a planar 

propagation front with very weak to no segmentation (Fig. 3.7c). Two-layered experiments 

with Er > 1 also have moderately segmented propagating fronts (Figs. 3.7d-f, similar to those 

in Exp. 30 (Fig. 3.7b).  

 

The intrusion radius measured in plan view from best fit circles to the growth contours at each 

time step are plotted against time in Figure 8 for all two-layer experiments with Er < 4. The 

inner-outer sill transition radius is marked for each experiment. The horizontal growth rates 

(i.e. slopes) of the intrusions with Qi = 1 ml/min vary between 0.45 and 0.55 mm/s. 

 

3.3.4. Influence of volumetric flow rate, Qi 

In order to determine the effect of a higher volumetric injection flow rate, we repeated Exp. 10 

(Fig. 3.7c) in Exp. 10A with Qi = 5 ml/min rather than 1 ml/min. This resulted in the largest 

inner-outer sill transition radius r/H ~ 2 observed in the two-layer experiments and a similar θi 

angle (Fig. 3.6). As expected, the horizontal growth rate of Exp. 10A is higher than the 

experiments with Qi = 1 ml/min, with a value of 0.61 mm/s compared to ~0.5 mm/s (Fig. 3.8). 
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In contrast to the planar sill margin developed in Exp. 10, growth contours for Exp. 10A (Fig. 

3.7f) indicate a complex and strongly segmented propagation front, similar to Exp. 6 (Fig. 3.7a). 

This implies that the nature of the propagating front is controlled not only by the absolute value 

of E in Layers 1 and 2 (cf. Figs. 3.7a-c and f), but also on the volumetric injection flow rate of 

the analogue magma. 

 

Figure 3.7. Contour maps of sill margins over time calculated with image analysis. The contour interval 

is 25 s for all panels except exp.10A (10 s) and the dotted black lines on each map represent the contour 

at the inner to outer sill transition. The empty space in (a) (Exp. 6) is due to missing images due to 

camera failure at the early stages of the experiment. 
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Figure 3.8. Horizontal growth rates for sills in experiments (in map view) with rigidity ratio Er < 4 

plotted as the best fit radius against time. The black open circles on each curve represent the transition 

from inner flat sill to inclined sheet of saucer-shaped intrusions. See Table 2 for the details of the 

experiments.  

3.4. Discussion 

3.4.1. General considerations 

The first-order geometries of intrusions formed in our experiments match the major features of 

mafic sills observed in nature, particularly those in sedimentary basins. Our homogenous and 

two-layer experiments (except the vertical dyke in Fig. 3.4b) reproduced the three-dimensional 

shape of saucer-shaped sills with a horizontal inner sill, emplaced along a horizontal interface 

in two-layer experiments, followed by a sharp transition to an outer, inclined sheet. 

Furthermore, the margins of both inner sills and outer inclined sheets in the experiments 

developed non-planar intrusion fronts with lobes and finger-like structures that are similar to 

marginal features of saucer-shaped sills observed in 3D seismic reflection seismic data 

(Thomson and Hutton, 2004; Hansen and Cartwright, 2006) and the marginal lobes developed 

on propagating sills during solidification experiments (Chanceaux and Menand, 2016). Our 3D 
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experimental results also support the results of 2D numerical simulations of saucer-shaped 

intrusions (Malthe-Sørenssen. et al., 2004; Walker and Gill, 2020). We therefore suggest that 

our model results provide insights into mechanical processes governing the emplacement of 

mafic sills in sedimentary basins. 

 

3.4.2. Emplacement of the inner sill  

In homogenous layer experiments, paraffin oil that was injected into low and moderate 

concentrations of LRD formed either a spherical blob (Arachchige et al., 2021) or a very short 

inner sill followed by a very steep outer sheet (Fig. 3.4a), respectively. In contrast, in two-layer 

experiments with low rigidity ratios (Er < 4), paraffin oil injection always resulted in the 

formation of flat inner sills with large diameters (Fig. 3.4), whereas in experiments with high 

rigidity ratios (Er ≥ 4), a sub-vertical intrusion only propagated in the weaker lower layer (L1; 

Exp. 3 and 23, Fig. 3.4b). These results suggest that the formation of larger diameter, flat-lying 

sills requires the presence of layering in host rocks with low rigidity ratios (Er < 4). This 

conclusion is supported by previous experiments with a layered setup (Kavanagh et al., 2006, 

2015; Galland et al., 2009) and numerical calculations (Barnett and Gudmundsson, 2014). In 

detail, the propagating margin of the inner sill in both homogenous and layered experiments is 

typically non-planar and often consists of finger-like and lobate segments (Fig. 3.5d). Such 

complex segmentation was not observed in previous laboratory experimental models of sills 

using gelatine or granular host media (Mathieu et al., 2008; Galland et al., 2009; Kavanagh et 

al., 2015). However they are often described from mafic sills in sedimentary basins (Magee et 

al., 2016; Spacapan et al., 2017) and 3D seismic reflection data (Hansen and Cartwright, 2006; 

Hutton, 2009). A detailed discussion of these irregular short-wavelength (in relation to the total 

intrusion length scale) features and their formation is beyond the scope of the present paper 

and they are analysed in detail in Arachchige et al. (Chapter 4). 
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Figure 3.9. A comparison of normalised saucer-shaped sill profiles from this study with (a) nature, (b) 

laboratory experimental and (c) numerical models (modified after Walker and Gill, 2020). Except for 

the Golden Valley and Tulipan Sills (Fig. 3.2a), saucer-shaped sill profiles in this study are similar to 
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natural examples with concave upward shapes (Fig. 3.9a). See fig. 3.2 for the details of the saucer-

shaped sills in nature (fig. 3.9a; a – o). 

3.4.3. Inner sill to inclined sheet transition 

The transition from a flat inner sill to an inclined outer sheet, characteristic of all saucer-shaped 

sills, has been discussed in previous analytical, numerical and laboratory modelling studies 

(Pollard and Holzhausen, 1979; Polteau et al., 2008; Galland et al., 2009; Gill and Walker, 

2020). These previously published models of saucer-shaped sills display either smooth (curved) 

or sharp inner to outer sill transitions when the magma or magma analogue intrudes 

homogenous or layered host rocks, respectively. Our experiments produce similar smooth (Figs. 

3.4a, 3.6) and sharp (Figs. 3.5, 3.6) transitions in homogenous and two-layer experiments, 

respectively. This suggests that layering exerts a primary control on the formation of sharp 

transitions to inclined sheets, but it is not a prerequisite to form saucer-shaped sills. Field 

observations of sills in layered host rocks also confirm the presence of sharp inner to outer sill 

transitions (e.g. Chevallier and Woodford, 1999; Polteau et al., 2008).  

 

Several hypotheses have been proposed to explain the mechanics of the inner to outer sill 

transition. Inspired by the behaviour of near surface hydraulic fractures, linear elastic fracture 

mechanics (LEFM) approaches interpret this transition in the framework of the interaction 

between horizontally growing cracks and Earth’s free surface (Pollard and Holzhausen, 1979; 

Fialko et al., 2001; Malthe-sørenssen et al., 2004; Bunger and Detournay, 2005; Bunger et al., 

2005, 2008; Gill and Walker, 2020). Numerical experiments by Malthe-Sørenssen et al. (2004) 

show that when sills reach a radius approximately equal to the overburdan thickness (i.e., r/H 

~ 1), their shapes start to become asymmetrical, which results in inflation induced bending of 

the overburdan. Consequently, the stress in front of the sill tip becomes asymmetrical and the 

sill branches upwards. Fialko (2001) theoritically predicted that the inclination, θi, of the outer 

sill should vary from 1° to 35° as r/H changes from 0.5 to 5, respectively.  These theoretical θi 

values are within the range of those observed in natural saucer-shaped sills, where θi = 10° to 

30° (Malthe-Sørenssen. et al., 2004; Galland et al., 2009). 

 

In comparison, in assuming that the host rocks are Mohr-Coulomb materials, numerical limit 

analysis by Haug et al. (2017) which turned off the tensile criterion, suggests that the inner to 

outer sill transition occurs due to the formation of a localized plastic shear damage zone (or 

shear failure zone) at the tip of a growing sill. In this model, the inflating inner flat sill triggers 
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the formation of shear failure zones that propagate from the sill tip to the Earth’s surface, which 

then provides an inclined pathway for subsequent magma flow and outer sill formation. 

However, all of the saucer-shape sill profiles of Haug et al. (2017) have inclination angles, θi 

≥ 60°, which is much steeper than those observed in nature. The magma overpressure required 

for shear failure of the overburden in Haug et al.’s (2017) model varies from 100’s of MPa to 

60MPa for sills with r < 2 km and few MPa for larger sills with r > 2 km. However, magma 

overpressure estimates in nature are typically in the range of 1 – 20 MPa (Rubin, 1995). 

Therefore, Haug et al. (2017) argue that localized shear failure of the overburden is only 

favoured for larger sills (r > 2 km) when r/H >1. Localized shear failure of the overburden 

during saucer-shaped sill formation has also been verified in laboratory experiments that used 

Mohr-Coulomb, elasto-plastic host rock analogues, in which the formation of inclined outer 

sheets was attributed to plastic deformation and the formation of shear zones (Galland et al., 

2009; Mathieu et al., 2008).  

 

In comparison, our experimental saucer-shaped sills have outer sill inclination angles, θi = 15°-

25° and the inner to outer sill transition occurs when 0.5 ≤ r/H ≤ 2.5, with no evidence for shear 

faulting in the LRD host material at the onset of inclined sheet formation. Therefore, the 

experiments reported here do not support a model of inelastic damage as a mechanical 

precursor for inclined sheet emplacement. Our experimental results are more compatible with 

LEFM models, in which saucer-shaped sills form as a consequence of asymmetrical stress 

fields generated by inflation of the inner flat sill and its elastic interaction with its surroundings 

and the free surface (Pollard and Holzhausen, 1979; Malthe-Sørenssen et al., 2004). This is 

supported by the sill profiles in Figure 3.5, which show that the outer inclined sills start to 

propagate upwards when r/H reaches values of 0.5 to 2.5. At this point, the sills climb upward 

with shallow inclinations (i.e. 15° ≤ θi ≤ 25°) due to a change of the stress field, which is linked 

to the onset of overburden uplift. 

 

3.4.4. Comparison of experimental and natural saucer-shaped sill profiles  

Vertical profiles of the experimental sills reported here are compared with natural saucer-

shaped sill profiles in Figure 3.9a (modified after Walker and Gill, 2020) in which the intrusion 

height, h, and radius, r, are normalised by the overburden depth, H. The inner sill to inclined 

outer sheet transition in natural saucer-shaped sills occurs when r/H = 1 to 4 (Fig 3.9a; Malthe-

Sørenssen. et al., 2004; Galland et al., 2008) and the corresponding outer sill inclination angles, 
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θi = 10 - 30°, are similar to our experimental results. Inclined outer sheets in nature typically 

initiate with a lower inclination angle that increases towards the surface, so they have concave 

upward profiles (Gill and Walker, 2020). Except for the Golden Valley and Tulipan Sills, which 

have r/H > 3.5 (Fig. 3.2a), all of the normalised natural saucer-shaped sill profiles plotted in 

Figure 3.9a share similar geometric features (i.e., h/H and r/H ratios, θi angles and concave 

upward shapes) with our experimental results. 

 

The normalised profiles of saucer-shaped sills modelled in the laboratory by Bunger et al. (2008) 

and Galland et al. (2009) have steeper outer sill inclination angles with concave downward 

shapes in contrast to the experiments reported here (Fig. 3.9b). Bunger et al. (2008) used glass 

and polymethyl methacrylate (PMMA) as brittle-elastic host rock analogues and water, 

glycerine or glucose syrup as the magma analogue. They also introduced a dimensionless 

fracture toughness number, χ =  
𝜎𝑟√𝐻

𝐾𝑐
 where 𝐾𝑐 is the fracture toughness of the host material 

(Fig. 3.8b). In their experiments, the inner to outer sill transition occurs when 0 ≤ r/H ≤ 2, 

increasing with increasing χ-value (i.e., with increasing emplacement depth, horizontal 

compressive stress, or decreasing fracture toughness). Bunger et al.’s (2008) experimental sills 

have inclined outer sheet inclinations 15° < θi < 30°, which, except for their concave down 

profiles, is similar to both our model results and natural saucer-shaped sills (Fig. 3.9b). 

 

Galland et al.’s (2009) laboratory experiments used elasto-plastic silica powder and vegetable 

oil as host rock and magma analogues, respectively (Fig. 3.9b). The injected oil formed cone 

sheets or vertical dykes within homogenous models whereas saucer-shaped intrusions formed 

in layered experiments where a mesh is placed between the layers. The inner to outer sill 

transition in their layered models occurs when r/H ~ 0.5 - 1.5 with outer sill inclinations 40° < 

θi < 50°. However, these inclinations are steeper than those in nature and they also have 

strongly concave downward profiles.  

 

In the numerical experiments by Haug et al. (2017), the inner-outer sill transition is prescribed 

by a fixed initial sill radius, which varied effectively from ~ 0.5 to 6 km. In their models, the 

outer sheet inclinations (θi) adjacent to the inner sill are much steeper (θi ≥ 60°) than that those 

observed in this study and in nature, and they also have strongly concave downward profiles 

(Fig. 3.9c).  
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Recent numerical modelling by Gill and Walker (2020) and Walker and Gill (2020) used 

axisymmetric finite-element calculations to investigate how a compressive horizontal tectonic 

stress (σr) changes the geometry and aspect ratio of saucer-shaped sills (Fig. 3.9c). Their model 

considered tensile fracture and shear failure crack tip separation mechanisms, and the input 

parameters were magma overpressure, host rock elasticity and the externally applied tectonic 

stress. In their analysis, when σr = 0 MPa, the inner to outer transition occurs when r/H = 1.5, 

θi ~ 25°, and the resulting outer sheet has a concave upward profile, in good agreement with 

our results. Walker and Gill (2020) showed that as σr increases (0 MPa ≤ σr ≤ 5 MPa), saucer-

shaped sills form with increasingly wider inner sills (1.5 ≤ r/H ≤ 4.5) and shallower outer sill 

inclinations (25° < θi < 1°). However, for 5 MPa ≤ σr ≤ 10 MPa, θi is constant at 1° and r/H 

reduces to 0.5 from 4.5 (Fig. 4 in Walker and Gill, 2020). Furthermore, they concluded that the 

model results for 5 MPa ≤ σr ≤ 10 MPa show a good fit to natural saucer-shaped sills, and that 

the sill tips propagate by Mode I tensile failure.  However, when σr > 10 MPa, r/H < 0.5 and θi 

increases up to 45°, and sill tips propagate by host rock shear failure (Fig. 3.8c).  

 

In many of the laboratory (Bunger et al., 2008; Galland et al., 2009) and numerical 

simulations (Haug et al., 2017) reviewed above, the resulting saucer-shaped sills have concave 

downward inclined outer sheets with steep inclination angles. This contrasts with inclined outer 

sheets in most natural examples, which are concave upward with shallow inclination angles 

(Walker and Gill, 2020) (Fig. 3.9a). Numerical simulations by Gill and Walker (2020) and 

Walker and Gill (2020) show that a strong compressive stress regime is required to match the 

geometry of natural saucer-shaped sills. However, the h/H and r/H ratios, outer sheet 

inclination angles and concave upward shapes observed in our experiments closely match the 

geometries of natural saucer-shaped sills, without the imposition of a horizontal tectonic stress. 

Therefore, the experiments presented here highlight the importance of host-rock rheology (i.e., 

visco-elastic-plastic) for saucer-shaped sill formation, in addition to the possible contribution 

of horizontal stress boundary conditions.  

 

3.5. Conclusions 

 

We have described the results of laboratory modelling of saucer-shaped sill intrusions, in which 

paraffin oil (magma analogue) was injected at a constant volumetric flow rate into a 

homogenous or two-layer model crust made of visco-elastic-plastic Laponite RD® (LRD) gel. 

The resulting experimental saucer-shaped sills form by the interaction between the outwardly 
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propagating and vertically inflating sill and the overburden its overlying free surface. Our main 

findings are: 

1. Saucer-shaped sills emplaced into homogenous LRD have the shortest inner sill diameter, a 

smooth transition into inclined sheet and steeply inclined outer sill compared to two-layer 

experiments.   

2. In two-layer experiments, saucer-shaped sills develop with a flat-lying inner sill that 

followed the L1/L2 interface and an inclined outer sheet that propagates through the upper 

layer towards the model surface. The inner sill to inclined outer sheet transition is sharp and 

occurs over a range of inner sill radius to overburden depth (r/H) ratios between 0.5 and 2, 

which increase with decreasing Young’s modulus or rigidity ratio (Er) and increasing 

volumetric injection rate. 

3. The horizontal growth rate of all saucer-shaped sill intrusions is uniform for all values of Er 

and a constant volumetric flux rate (Qi = 1ml/min). However, for the same Er, the growth rate 

increases when Qi is increased (Exp 10A; Qi = 5 ml/min).   

4. The saucer-shaped sills that formed in our experiments are compatible with brittle-elastic 

(LEFM) models in which the inner sill to outer inclined sheet transition occurs due to an 

elasticity-dominated interaction between the growing inner sill and the surrounding material 

and free surface. However, as discussed in Arachchige et al. (Chapter 4), marginal lobes and 

finger-like segments observed in most experiments are more likely linked to small-scale visco-

plastic instabilities occurring at the tip of the propagating sills. This suggests the operation of 

scale-dependent deformation processes, with brittle-elastic (LEFM) processes dominating at 

the whole of intrusion scale and visco-plastic processes dominating at the crack tip scale. 

5. Experiments suggest that there is no strict requirement of high horizontal stresses to form 

natural saucer-shaped sill geometries and show the importance of host rock rheology of making 

complex sill geometries.  
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Abstract 

It is increasingly recognised that most sheet-like igneous intrusions such as sills and dykes have 

segmented, rather than planar margins. The geometry of these segments and their connectors 

can provide insights into magma propagation pathways and host-rock deformation mechanisms 

during their emplacement. Here we report the results of scaled laboratory experiments on the 

emplacement of shallow-crustal, saucer-shaped sills with a focus on their propagation and 

segmentation. Visco-elasto-plastic Laponite RD® (LRD) and Newtonian paraffin oil were used 

as analogues for layered upper crust rocks and magma, respectively. Our results indicate that: 

1) experimental saucer-shaped intrusions are highly segmented with marginal lobes and fingers; 

2) the evolution and geometry of marginal segments and their connectors are different within 

the horizontal inner sill and the inclined outer sill; and 3) the bimodal nature of segment aspect 

ratios is linked to propagation of the inner sill along a horizontal host-rock interface versus 

interaction of the inclined outer sill with a homogenous upper layer. Measurements of inlet 

magma pressure and structural analysis suggest that marginal finger and lobe segments 

propagate in a repetitive sequence that starts with segmentation, followed by merging of 

segments and new growth of fingers/lobes. Based on the 3D geometry of segments, we suggest 

that sill segmentation is linked to smaller scale visco-plastic instabilities that occur within the 

inner sill and large scale mixed mode (I+III) fracturing during the inclined sheet propagations. 

4.1. Introduction 

Igneous sheet intrusions, such as sills and dykes, play a dominant role in magma transport over 

large distances within the Earth’s crust (Anderson, 1937; Ernst et al., 1995). These intrusions 

are genreally considered to be planar bodies that interconnect to build complex sub-horizontal 

and sub-vertical magma plumbing systems (Magee et al., 2016; Muirhead et al., 2016; Cruden 

and Weinberg, 2018). However, field observations and 3D seismic surveys find that most sheet 

intrusions are segmented at their propagating margins into laterally and/or vertically offset 

magma lobes or fingers (Fig. 4.1) (Pollard et al., 1975; Thomson and Hutton, 2004; Hansen 

and Cartwright, 2006; Magee et al., 2016). The geometries of these segments are important 

because they are an indicator of magma propagation directions and emplacement mechanisms 

(Magee et al., 2019). However, determining the links between igneous intrusion mechanisms 

and segmentation is challenging because: i) field and seismic observations only reflect the final 
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stage of the emplacement process; and ii) laboratory and numerical experiments have yet to 

produce complex segmentation patterns that are similar to those observed in nature. 

  

Most research on the segmentation of igneous dykes and sills has taken a Linear Elastic 

Fracture Mechanics (LEFM) approach, in which segments are idealised as Mode I elastic 

fractures with tapered (wedge-shaped) or sharp tips (Pollard, 1973; Delaney and Pollard, 1981; 

Rubin, 1993). However, field and seismic studies indicate that sheet intrusions have segmented 

margins with finger-like or lobate forms with rounded and/or blunt tip geometries (Pollard et 

al., 1975; Hutton, 2009; Schofield et al., 2010; Spacapan et al., 2017; Galland et al., 2019). 

Various anelastic mechanisms, such as host rock fluidization (Schofield et al., 2010, Köpping 

et al., 2021), viscous indentation (e.g. Spacapan et al., 2017), and brittle shear faulting and/or 

ductile flow (e.g. Pollard and Johnson, 1973; Eide et al., 2017) have been proposed for 

segmentation of sheet intrusions with rounded or blunt tips. Therefore, the mechanisms that 

explain the formation of marginal intrusion segments are still debated.  

 

Analogue experiments of igneous intrusions such as sills and dykes are important because their 

geometrical evolution can be monitored in three dimensions (3D). This can enable links to 

observations in nature to better understand their emplacement mechanisms and propagation 

pathways. Previous laboratory experiments on sill emplacement using granular materials 

(elasto-pastic; Galland et al., 2009; Mathieu et al., 2008), polymethyl methacrylate (PMMA) 

and glass (elastic; Bunger et al., 2008) and gelatine (visco-elastic; Kavanagh et al., 2006) as 

host rock analogues, mainly focused on the formation of planar and saucer-shaped intrusions. 

Lobate marginal segments were produced in experiments by Chanceaux and Menand (2016) 

and Currier and Marsh (2015) that included the effects of solidification during the emplacement 

and growth of sills and laccoliths. Such previous experimental work has yet to reproduce the 

complex segmentation of sill margins observed in nature (Thomson and Hutton, 2004; Magee 

et al., 2016), and with exception of work by Bertelsen et al. (2018) has usually neglected the 

complex visco-elasto-plastic rheological behaviour of rocks in Earth’s upper crust. The 

mechanics of marginal segmentation in igneous intrusions is therefore poorly constrained and 

many fundamental questions about segmentation processes remain unanswered. For example, 

is it possible to produce lobes and finger segments in a laboratory experiments of sills? How 

does host rock rheology influence sill segmentation geometry and processes? How do marginal 

segments develop in space and time during the lateral propagation of sills?  
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Figure 4.1: A selection of sill segments observed in 3D seismic reflection data, field studies and laboratory 

experiments. (a) Magma lobes observed in 3D seismic reflection image of the Flat Ridge Sill, Faroe-

Shetland Basin showing non-planar margins (from Schofield et al., 2012) and (aʹ) an alternative view of 

(a) highlighting magma lobes and flow directions. (b) Lobes formed in a solidification experiment using 

hot vegetable oil injected into gelatine (from Chanceaux and Menand, 2014), and (c) lobes observed at the 

margin of the Golden Valley sill, Karoo Basin (from Schofield et al., 2010). (d) Magma lobes and fingers 

mapped in 3D seismic reflection data of a sill, Rockall Trough (from Magee et al., 2015, modified after 

Thomson and Hutton, 2004). (e) An analogue magma finger formed in a 2D Hele-Shaw cell experiment 

(from Bertelsen et al., 2018), and (f) magma fingers observed in the Shonking Sag laccolith, Montana 

(photo curtsey of Jonas Köpping). (g) Diagram illustrating the onset of non-planar margin at time step t1, 

(gʹ, gʺ) definition of lobes, with an opening angle (α) and fingers, with sub-parallel sides (α ~ 0°) at time 

step t2 to t3. 
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Conversely, laboratory experiments on hydrofracturing within clay (ideally plastic material; 

Murdoch, 1993a, 1993b) and silica flour (elasto-plastic material; Chang, 2004; Wu, 2006) have 

generated complex non-planar fractures with lobe and finger segments. In a companion paper, 

Arachchige et al. (Chapter 3) report the results of analogue experiments using Laponite RD® 

(LRD), a visco-elasto-plastic host rock analogue, that focus on the formation and growth of 

saucer-shaped sills. Here, using a similar experimental approach, we focus on the 3D geometry 

and formation mechanisms of complex marginal sill segmentation. Specifically, the aims of 

this contribution are to: (i) identify modes of sill segmentation that occur in visco-elasto-plastic 

host rock materials; (ii) determine how marginal segments develop in space and time during 

sill propagation; and (iii) investigate how marginal segments can be used to provide insights 

on the kinematics and dynamics of sill emplacement. 

 

4.2. Background 

4.2.1. Segments, lobes and fingers 

Many igneous sheet intrusions have highly segmented, non-planar margins (Pollard et al., 1975; 

Delaney and Pollard, 1981; Schofield et al., 2010; Magee et al., 2019). This segmentation often 

refers to the separation of originally planar intrusion margins into laterally and/or vertically 

offset, overlapping and/or underlapping individual structures known as segments, which are 

further subdivided into lobes and fingers (Fig. 4.1). These segments are also considered to form 

parallel to the propagation direction of the sheet intrusion (Schofield et al., 2012a). Moreover, 

at any given time during its propagation, the intrusion front may comprise two or more different 

segment types (i.e., lobes or fingers) with a range of sizes, which we will refer to as “complex 

segmentation”.  

In the context of igneous sills, the term magma lobe (Fig. 4.1) refers to a near-circular to 

elongated lobe-shaped geometry (Miles and Cartwright, 2010; Schofield et al., 2012). Here, 

we define a lobe to be a segment that widens in the intrusion propagation direction, with a 

positive opening angle, α between the two sides of the lobe (Fig. 4.1gʹ). Indeed, the formation 

of lobes in intrusions has been compared to pahoehoe lobes in lava flows, which form due to 

magma cooling and solidification at the flow front (Griffiths, 2000; Miles and Cartwright, 

2010). During flow of lava, a partially chilled front is formed at the lava-water or lava-air 

contact, which inhibits the lateral spreading of lobes due to an increase in tensile strength. 

However, during continuous lava supply, internal pressure overcomes the local tensile strength 
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of the solidified front and lava bursts open through previously solidified lobes resulting in 

lateral growth and formation of new pahoehoe lobes. An analogous process has also been used 

to explain near-circular lobe-shape geometries in sills emplaced at shallow levels, such as the 

Solsikke Sill (Hansen and Cartwright, 2006), Vigra sill complex (Miles and Cartwright, 2010) 

and Golden Valley Sill (Schofield et al., 2010). 

The term magma finger (Fig. 4.1) commonly describes elongated, narrow segments with an 

array of blunt and/or bulbous-ended tubes in dykes and sills (Pollard et al., 1975; Schofield et 

al., 2010; Spacapan et al., 2017; Galland et al., 2019). Here we define a finger as a parallel 

sided segment with an opening angle α ~ 0°. Fingers mostly propagate along the same 

stratigraphic level and can be a few centimetres to hundreds of meters long (Magee et al., 

2018a). However, small vertical offsets of fingers may occur due to the exploitation of 

preferentially oriented, pre-existing weaknesses, which result in inconsistent stepping 

directions (Magee et al., 2019). Vertically and horizontally separated fingers can later coalesce, 

developing cusp-shaped grooves in between them (Pollard et al., 1975; Schofield et al., 2010, 

2012a). The emplacement of magma fingers is commonly attributed to: i) viscous fingering 

instabilities (e.g., Saffman-Taylor instability) between a propagating magma front and a 

fluidised host rock (Pollard et al., 1975; Schofield et al., 2010); or ii) mixed mode (Mode I+III) 

fracturing within an elastic host material (D. Pollard and Johnson, 1973; Pollard et al., 1982).  

4.2.2. Segment connectors 

Segment connectors connect overlapping and/or underlapping segments. Known as steps, 

bridges, broken bridges and en-echelon structures (Fig. 4.2), they are often attributed to brittle 

magma emplacement mechanisms (Schofield et al., 2012a; Nicholson and Pollard, 1985; 

Hutton, 2009). Delaney and Pollard (1981) defined bridges as ‘curved slabs of rock that 

separate two neighbours in the echelon array’. Bridges of host rock strata (Fig. 4.2a) occur 

when two separate overlapping, vertically offset segments propagate simultaneously. As 

continuous magma supply inflates the segments, bending of the intervening host rock strata 

occurs, resulting in a bridge structure (Schofield et al., 2012a). If further inflation and bending 

occurs, tensile fractures eventually develop perpendicular to the bridge axis, close to the zones 

of maximum flexure, forming a broken bridge between overlapping segments. Once bridges 

detached from both ends, they become xenoliths, or ‘bridge xenoliths’ within segments 

(Rickwood, 1990). 
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Steps form from initially vertically offset segments or en-echelon intrusion tips, which later 

coalesce into a single sheet as an intrusion propagates and inflates (Fig. 4.1b)  (Schofield et al., 

2012a; Eide et al., 2017). Steps between connected segments are oriented perpendicular to the 

direction of magma flow (Schofield et al., 2012b).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: A summary of segment connectors. (a) Left: schematic diagrams of bridge and broken 

bridges in cross-section and 3D in relation to: (i) overlapping segments; (ii) segment inflation; and 

(iii) bridge closure (after Eide et al., 2016). Right: field examples from the Theron Mountains, 

Antarctica (modified after Hutton, 2009). (b) Left: schematic diagrams of en-echelon steps in sills 

with consistent and inconsistent stepping directions. Right: steps developed in Mesozoic limestone 

and shale metasedimentary strata on Ardnamurchan, NW Scotland (modified after Magee et al. 

2018). 
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4.3. Experimental methods 

This is the second of two companion papers that report the results of scaled laboratory 

experiments on the emplacement of sills in layered and non-layered elasto-visco-plastic 

analogue host rock materials. The complete series of laboratory experiments are described in 

Part 1 (Arachchige et al., Chapter 3), which focuses on the development of saucer-shaped sills. 

Here, in Part 2, we focus mainly on experiments in which saucer-shaped sills propagate with 

highly segmented margins with complex geometries. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The experimental setup comprises a plexiglass tank (30 cm x 30 cm x 6 cm) filled with elasto-

visco-plastic Laponite RD® (LRD; Arachchige et al., 2021), the upper-crustal rock analogue 

(Layer 1 [L1] and Layer 2 [L2], Fig. 4.3). Paraffin oil (magma analogue) is injected 

horizontally into the interface between two 3 cm thick layers of LRD using a 2 mm diameter 

tapered needle via a nozzle at the side of the tank, which is fed at a controlled volumetric flow 

Figure 4.3: Schematic diagram of the experimental setup (modified after Arachchige et al., Chapter 

2). A volumetric pump injects paraffin oil into homogenous or layered Laponite RD® though a fixed 

hole using a needle. Two DSLR cameras capture the intrusion growth from top and side views 

respectively. The pressure sensor connects to the fluid flow just before the injection needle.  
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rate either by a peristaltic pump or a syringe pump. In all experiments, the Young’s modulus 

of the upper (Eu) and the lower (EL) layers are varied by changing the wt. % concentrations Xu 

and XL of LRD in water. All other parameters such as the analogue magma volumetric flow 

rate (Qi) and viscosity (µ), and the intrusion depth (3 cm) are constant. Propagation of the 

model intrusions is monitored by high-resolution DSLR cameras (Fig. 4.3) placed above and 

at the side of the experiment, providing plan and cross-sectional views, respectively. Two 

experiments (exp. 5, 6) were repeated using a syringe sump and a digital pressure sensor to 

measure pressure variations at the inlet of the intrusion (Fig. 4.3). The pressure sensor was 

calibrated to correct for any background signals from the syringe pump. Therefore, the pressure 

signals reported here only represent the fluid pressure at the inlet during the emplacement and 

growth of the model intrusions. 

 

4.3.1. Model materials and scaling 

We use Laponite RD® (LRD), a gel-forming grade of synthetic smectite clay 

manufactured by BYK Additives and Instruments (2014) and paraffin oil as the crustal host 

rock and magma analogues, respectively. When mixed with water, LRD forms a colourless, 

transparent and photo-elastic gel, which is similar to gelatine but chemically and biologically 

more stable (Ruzicka and Zaccarelli, 2011). LRD has lower surface energy values (24 - 44 

mJ/m2; Norris et al., 1993) compared to gelatine, a frequently used intrusion host rock analogue 

(1 J/m2; Kavanagh et al., 2013). This ensures that surface tension dynamics are minimized in 

geological analogue experiments using LRD. The mechanical properties of LRD, such as 

Young’s modulus, can be easily varied by changing its concentration and curing time 

(Arachchige et al., 2021). Arachchige et al. (2021) recently showed that LRD is suitable for 

analogue modelling of visco-elasto-plastic rock deformation, including elastic and plastic end 

member behaviours. Shear strains, γ < 10% and strain rates of up to 0.01 s-1 for concentrations 

from 2 wt. % to 4 wt. % and a curing time of 72 hours must be maintained to model elastic 

dominant deformation. LRD starts to yield at a shear strain γ = 10 % for concentrations 2 wt. % 

to 4 wt. % with yield strength values varying from 25 to 200 Pa, respectively. Higher shear 

strains (γ > 26.2 %) and strain rates �̇� ≥ 0.01 s-1 must be maintained to model plastic 

deformation. We use the Young’s modulus value of LRD as the main host rock variable and, 

following Arachchige et al. (2021), assume that LRD is incompressible with Poisson’s ratio = 

0.5. Paraffin oil (magma analogue) has a viscosity of 0.16 Pa s at 22.5 °C and, unlike water, it 
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does not react with LRD. Paraffin oil was mixed with red dye to provide a better visual contrast 

with the host material without altering its viscosity. 

 

 

The scaling of the experiments and the suitability of the model materials (Table 4.1) are 

described in detail by Arachchige et al. (2021) and Arachchige et al. (Chapter 3). The principle 

we follow is to define scaling factors for the models, which satisfy approximate geometric, 

kinematic and dynamic similarity to processes in nature (Hubbert, 1937; Ramberg, 1967; 

Galland et al., 2009). 

We define the length scale factor (L*) as the ratio between the overburden depth of the sill in 

the prototype (subscript p) to one in the shallow crust (subscript n), which is initially taken to 

be 10-4 (1 cm in the laboratory represents 100 m in nature). The ratio between the density of 

LRD in the experiments and that of natural host rocks (ρ*) is ~ 0.36 and the gravitational 

acceleration is the same in our experiments and in nature (g* = 1). Thus, the stress scaling 

factor is:  

σ* = ρ*g*L* = 3.6 x 10-5       (4.1) 

 

Table 4.1. Symbols, units and values of variables in nature and model 
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We compare the average model intrusion velocity of ~ 1 x 10-3 ms-1 to an estimated natural 

magmatic intrusion velocity of 0.2 ms-1 (within a range between 0.1 ms-1 and 0.5 ms-1 ;Spence 

and Turcotte, 1985; Kavanagh et al., 2013), which gives a velocity scaling factor, V* = 5 x 10-

3. We can now define the time scaling factor as 

t* = L*/V* = 2 x 10-2        (4.2) 

 

Therefore, 1 min in our experiments represents 0.83 hr in nature. Using σ* and t*, the viscosity 

scaling factor becomes 

 

µ* = σ* t* = 7.2 x 10-7       (4.3) 

 

so paraffin oil (magma analogue) with a viscosity of 0.16 Pas is equivalent to a magma in 

nature with a viscosity of 104 Pas, consistent with basaltic andesite with low crystal content 

(Mathieu et al., 2008).  

The measured Young’s modulus, E, of LRD concentrations after 7 days curing time used in 

the experiments is 103 - 104 Pa. Since E of upper crustal sedimentary rocks is typically in the 

range of 109 - 1010 Pa (Kavanagh et al., 2013), the Young’s modulus scaling factor, E* in our 

experiments is 10-7 – 10-5. Therefore, based on σ* and E* our model host rock is 105 times 

weaker than in nature.  

 

 

 

 

 

 

 

 

 

Figure 4.4: (a) Comparison of the margins of experimental sills in plan-view. (a) Exp. 10 (Er = 

1) shows simple planar front whereas (b) Exp. 6 (Er = 1) is highly segmented with finger and 

lobate geometries.  
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4.4. Results 

Here we focus on five experiments (Table 4.2) in which saucer-shaped sills formed with highly 

segmented intrusion fronts and complex geometries. In all experiments, an initial, flat, penny-

shaped inner sill propagates along the interface between the two layers of LRD. This sill then 

bends upwards and intrudes the upper layer as an inclined outer sheet to form a saucer-shaped 

intrusion before the analogue magma erupts onto the model surface. Except for Exp. 10 (Fig. 

4.4a) where the sill margin is planar, the propagating fronts of all intrusions are highly 

segmented with lobes and fingers. We further categorise these segments as being first (primary) 

and second (secondary) order (Figure 4.1g), discussed below.  

The propagating margins of sills in our experiments have more complex geometries than the 

planar cracks that are typically formed in models using granular elasto-plastic (Mathieu et al., 

2008; Galland et al., 2009) or visco-elastic (e.g., gelatine; Kavanagh et al., 2006) host materials. 

The inner flat sill and the outer inclined sheet of the saucer-shaped intrusions in our 

experiments have dominantly non-planar margins characterised by lobes and finger-like 

segments (e.g., Exp. 6; Figs. 4.4 and 4.5).  

 

 

 

 

 

Table 4.2. Summary of experiments and parameters 
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Figure 4.5: Non-planar sill margin and segmentation formed in Exp. 6: (a-aʺ) Plan view images. 

Paraffin oil (red) is injected from the left through a needle into transparent Laponite RD® (LRD). Arrow 

indicates sill propagation direction. (b) Plan view at a later time step than (aʺ) rotated and magnified 

for a comparison with side view (c).  The sill expands radially and breaks into lobes and fingers. Lobe 

segments show distinct 1st order (i.e. primary lobes, outlined in black) and 2nd order (i.e. secondary 

lobes, outlined in blue; or finger-like segments, outlined in red). The corresponding primary and 

secondary flow directions within the sill are shown ad black and red arrows, respectively. The dashed 

black line in (b) represents the transition from the horizontal inner sill to the inclined outer sheet, 

defining the saucer-shaped geometry observed in side view in (c). Vertically offset lobes and fingers 

only formed within the inclined sheet. θi is the dip of the inclined sheet. (d) and (e) are magnified sections 

of (b) and (d), respectively. 
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Taking Exp. 6 as a representative example, the inner sill is initially penny shaped with a planar 

margin that is confined to the interface between the two LRD layers (Fig. 4.5a). At t = 245 s 

the sill margin starts to break down into segments (Fig. 4.5aʹ, 4.5b). At this early stage, the 

segments are relatively large 1st order lobes fed by primary fluid flow vectors (Fig. 4.5d). Upon 

reaching a critical width, these segments bifurcate into smaller, second order lobes and fingers 

fed by secondary fluid flow vectors (Fig. 4.5e and supplementary Movie 1; Appendix 2). As 

the inner sill propagates along the L1/L2 interface the segments evolve in the sequence: (1) 

fingers/lobes form at the intrusion front, (2) fingers/lobes merge laterally (i.e. segment 

coalescence), becoming wider, and (3) these break down again into narrower, secondary 

fingers/lobes. The segments that develop during propagation of the inner sill are also two 

dimensional (2D) structures confined to the L1/L2 interface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Formation and evolution of segment connectors in Exp. 5 and 9 within inclined outer 

sheets in side (left), plan (middle) and oblique (right) view. In Exp. 5 (a-c) and Exp. 9 (d-f) the 

propagation front is non-planar and characterised by vertically displaced overlapping lobes. Bridges 

form closer to the centre of adjacent segments (e.g., dotted lines in segment 1 and 2; e, f) and broken 

bridges form closer to the layer interface (white lines) due to inflation of the segments (c, f). See text 

for details.  
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Eventually the inner sill abandons the L1/L2 interface and intrudes upward into the 

homogenous L1 upper layer. During this new stage of sill growth, marginal segments form 

overlapping, en-echelon 3D structures. Figure 6 shows segments within the inclined outer 

sheets of Exp. 5 and 9 and the formation of segment connectors.  These segments propagate 

along vertically and horizontally offset planes, and over time they thicken and connect resulting 

in segment connectors such as bridges and broken bridges (Fig. 4.6). At any given time, close 

to the tip of two adjacent segments (e.g., black lines in segment 1 and 2; Fig. 4.6e, 4.f), the 

vertical offset is higher (i.e., overlapping segments). Towards the middle of the same segments 

(dashed lines in; Fig. 4.6e, 4.f), a narrow space (i.e., bridge; Figs. 4.6c, 4.f) of the host rock 

analogue is created due to the inflation of the segment. Approaching the main body of the sill 

(white lines in; Fig. 4.6e, 4.f), the narrow bridge of host rock closes and overlapping segments 

coalesce vertically (i.e. broken bridge; Figs. 4.6f and 4.1c). 

4.4.1. Aspect ratio analysis 

Figure 4.7 plots the width/length (w/l) aspect ratios of lobe and finger-like segments in plan 

view from all experiments measured at four locations along the radius of the intrusion (C1 – 

C4; Fig. 4.7b). The aspect ratios of finger-like segments are < 1 and cluster at w/l ~ 0.5. This 

ratio decreases as the intrusion propagates from the inner sill to the inclined sheet (C1 to C4). 

In contrast, the aspect ratios of lobe segments define two distinct groups when plotted against 

length (Fig. 4.7a). The first group (Mode 1) forms while the sill propagates along the L1/L2 

interface between the two LRD layers (C1 and C2). These “interface-controlled” lobe segments 

have constant, relatively short lengths (<0.5 cm) while the aspect ratio increases as the sill 

expands from C1 to C2. The second group (Mode 2) forms within the homogenous upper layer 

(C3 and C4). These “unconstrained” lobe segments have small aspect ratios (0.5 - 1.5) and they 

are up to 4 cm long. We consider Mode 2 to be unconstrained because the segments develop 

within the homogeneous upper layer where lobes exploit the 3D space ahead of the tip of the 

expanding sill. This implies that when lobes expand in a homogeneous material they tend to 

maintain an approximately constant aspect ratio of ~ 1 as they lengthen (Fig. 4.7b). 
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Figure 4.7: (a) Plot of segment aspect ratio (width (w)/length (l)) versus segment length (l) measured 

at four locations (C1-C4) along the length of the intrusion indicated in (b) for all experiments. The two 

ellipses in (a) represent Mode 1 (interface-controlled) and Mode 2 (unconfined, formed within 

homogenous layer) type segments, respectively. Mode 1 segments are characterized by varying aspect 

ratios with relatively short lengths, whereas Mode 2 segments have similar aspect ratios over a range 

of lengths. (b) Representative plan view outlines of lobe segments at positions C1 to C4 indicated in 

the lower side view diagram.  
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4.4.2. Inlet pressure measurements 

The pressure measured at the inlet of the needle during sill intrusion in Exp. 5 is plotted against 

time in Figure 4.8.  Peak pressure coincides with intrusion initiation. The pressure then 

Figure 4.8: (a) Injection pressure measured during sill emplacement in Exp. 5. Locations of aspect 

ratio measurements (C1-C4) and the horizontal inner sill to inclined sheet transition (HIS-IS) are 

indicated. Inset photograph shows the planar sill margin during initial growth stages. (b) Detail of 

part of (a) showing pressure fluctuations linked to the formation of first-order lobes (outlined in 

black with numbers in inset photograph). (c) Detail of part of (b) showing minor pressure 

fluctuations related to the growth and merger of second-order lobes or finger-like segments (outlined 

in black in inset photograph).  
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gradually drops with time as the sill radius increases, showing minor fluctuations (Fig. 4.8a). 

The initial pressure drop occurs without fluctuations, corresponding to the period when the sill 

propagates as a planar crack (Fig. 4.8a). At the end of this period, the intrusion starts to form a 

lobate margin. From this point onwards the pressure curve fluctuates within a broadly 

decreasing trend. Short wavelength periods of rising pressure (e.g., circled in Fig. 4.8b) occur 

during growth of first order lobes at the propagating front of the intrusion. Minor pressure 

variations during such periods of slightly increasing pressure corresponding to the growth of 

second order lobes and fingers (Fig. 4.8c). In contrast, the following periods of decreasing 

pressure correspond to times when earlier formed primary and secondary segments coalesce. 

There is no obvious change in the pressure curve when the horizontal inner sill (HIS) transitions 

to the inclined outer sheet (HIS-IS transition in Fig. 4.8a). 

4.5. Discussion 

Our experiments reveal the development of complex marginal segments and segment 

connectors within saucer-shaped intrusions, including pressure variations reflecting the 

development of these segments. We discuss the implications of these results below by 

considering how the evolution of the model sills in space and time may contribute to 

understanding of sill segmentation mechanisms. We also introduce a conceptual model for sill 

segmentation based on our experimental observations.  

 

4.5.1. Sill segments and segment connectors 

Our experiments have modelled saucer-shaped sills (Figs. 4.5, 4.6) with complex marginal 

finger-like and lobe segments, including segment connectors such as bridges and broken 

bridges. Such features are commonly observed in sedimentary basins such as the Raton, Karoo, 

Rockall, Faroe-Shetland, Northwest Australian shelf and Neuquén basins (Thomson and 

Hutton, 2004; Hansen and Cartwright, 2006; Schofield et al., 2012; Magee et al., 2016; 

Spacapan et al., 2017). The experiments reported here and in Arachchige et al. (Chapter 3), 

along with previous analogue hydrofracturing experiments using silica flour and clay as 

analogue host-rock materials (Chang, 2004; Wu, 2006) more closely simulate the natural 

complexity of sills and their marginal segmentation compared to penny- and saucer-shaped 

sills formed in sand (Galland et al., 2009; Mathiue et al., 2008) and gelatine (Kavanagh et al., 

2006, 2018). This strongly suggests that upper crustal rocks behave as either elasto-plastic or 

visco-elasto-plastic materials during sill emplacement.  
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Figure 4.9: Schematic pressure curves for (a) an ideal penny-shaped crack (Chang, 2004; Lister 

and Kerr, 1991) and (b) a non-planar experimental curve (Exp 5) superimposed on an ideal penny-

shaped crack (dotted lines). (c) Interpretation of smaller scale pressure fluctuations highlighted in 

(b). During the initial growth of segments, the planar margin breaks down (iii; Fig. 4.9c) and the 

pressure rises due to a faster increase of the outer perimeter (
∆𝑑

∆𝑡
) compared to rate of change of sill 

radius (
∆𝑅

∆𝑡
). Conversely, during subsequent stages of remerging/coalescence of segments (ii  iii), 

the pressure decreases as the rate of growth of the outer perimeter decreases. Note that, during 

transient pressure peaks or troughs, the change in intrusion radius (e.g.  R3 ̶ R1) is smaller compared 

to the change in intrusion parameter (d3 ̶ d1). R  ̶  intrusion radius, d   ̶ intrusion perimeter, t  ̶  time.  
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In addition to the rheology of the analogue host-rock material, we have also found that 

mechanical host-rock layering also controls the nature of sill segment geometries. In our 

experiments, the marginal segments formed during propagation of the inner sill along the 

L1/L2 interface are different to those formed when the inclined sheet propagates through the 

homogenous upper layer. During the inner sill stage, lobes and finger segments define a cyclic 

behaviour, showing a sequence of segment formation and coalescence. However, the new lobes 

and finger-like segments formed after the segment coalescence aren’t linked to the previous 

segments meaning that segment propagation at the interface is history independent.  However, 

once the inclined outer sheet forms, the marginal segments become three-dimensional, defining 

vertically offset, en-echelon, overlapping and/or underlapping segments, which later grow and 

connect. 

Bridges and broken bridges formed by the inflation of segments (Schofield et al., 2012; Magee 

et al., 2019) also occur in our experiments. These segment connectors only form during the 

inclined sheet propagation stage of the experiments (Fig. 4.6). The growth of segment 

connectors results in the coalescence of segments. Therefore, the inclined sheet intrusion is 

characterised by a breaking (non-planar) and remerging (almost planar) sequence at the 

propagating front, which is further supported by the inlet pressure measurement variations 

(discussed  in 4.4.2). This suggest that the nature of segments and their connectors evolve 

sequentially during growth of the experimental intrusions.  

4.5.2. Insights on intrusion segmentation from pressure variations 

Pressure variations during experimental sill intrusion (Fig. 4.8) provide important information 

for understanding flow dynamics and emplacement mechanisms. Intrusion pressure has been 

estimated using scaling laws in previous magma emplacement experiments (e.g., Kavanagh et 

al., 2015). However, fluid pressure is often directly measured in hydro-fracturing experiments 

(Chang, 2004; Wu, 2006; Hurt, 2012). Laboratory hydro-fractures described in Murdoch 

(1993a) and Chang (2004) using Center Hill clay and Georgia Red clay as analogue host rocks, 

respectively, show similar complex marginal segmentation structures to our model intrusions. 

Furthermore, the pressure curves of hydro-fractures measured by Chang (2004) and Wu (2006) 

reflect the formation of lobes during fracture segmentation. In Chang (2004), the injection 

pressure for fractures formed within Georgia Red Clay reached a peak value of ~1400 MPa 

and the pressure decreased up to 350 MPa during the final stage of crack growth. The maximum 

pressure measured during hydrofracture formation in Wu (2006) was between 6500 – 8000 
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MPa, decreasing to 500 – 3750 MPa, respectively. These measurements are three-orders of 

magnitude higher than the peak (2.8 × 10-3 MPa) and range of pressures (1.9 – 2.8 × 10-3 MPa) 

observed during the crack growth in our LRD experiments, although they show similar pressure 

fluctuations associated with the formation of segments. However, the differences in pressures 

in Chang (2004) and Wu (2006) to our results are mainly due to the use of virtually cohesionless 

dry particulate materials and the applied axial loads, respectively.  

 

 The fluid pressure (∆Pf) required to propagate an ideal, fluid-filled penny-shaped crack 

is predicted to gradually decrease with increasing crack radius (R), according to the theoretical 

relationship (Lister and Kerr, 1991) 

 

∆Pf ~ 1/ (R1/2)                                (4.4) 

 

The pressure curve in Figure 9a was generated to compare this theoretical prediction with 

experimental data, and it can move along the y-axis depending on the fracture toughness (Kc) 

of the material (∆Pf ~ Kc/R
1/2), which is not well constrained for the LRD gels used in our 

experiments (Lister and Kerr, 1991; Chang, 2004). The pressure drop observed in Exp. 5 

follows the general behaviour predicted by Eq. 4.4, with minor superimposed fluctuations as 

described above (Figs. 4.8a-b, 4.9b).  

 

We interpret short periods of increasing pressure during sill growth (Figs. 4.9b and 4.9c; 

iii) to record segmentation events at the propagating sill margin. In Fig. 4.9b, we fit the Exp. 

5 pressure curve to the theoretical curve by assuming the fracture toughness of the LRD is 

similar to that of theoretical curve. The perimeter (d) of an ideal penny-shaped crack increases 

with the radius according to d = 2R.  As the degree of marginal segmentation increases, the 

total outer perimeter of the propagating sill increases at a rate that is greater that of an ideal 

penny-shaped crack, resulting in a transient increase in pressure. The opposite happens during 

periods of transient pressure decrease (Figs. 4.9b and 4.9c; ii  iii), which we attribute to 

segment coalescence and an overall decrease in the perimeter length to a value that approaches 

that of an ideal penny shaped crack We therefore interpret the observed transient pressure 

fluctuations (Figs. 4.8b-c) to reflect periods of marginal segmentation and segment coalescence, 

which in turn drive changes in the rate of perimeter growth versus sill radius growth.  
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4.5.3. Conceptual model for sill segmentation 

Two brittle fracturing mechanisms can lead to the formation of segments during 

emplacement of sills into brittle-elastic host rocks: (i)  rotation of the principal stress axes ahead 

of the propagating fracture (Pollard et al., 1982; Nicholson and Pollard, 1985; Takada, 1990; 

Schofield et al., 2012); and (ii) exploitation of preferentially oriented, pre-existing weaknesses 

(Hutton, 2009; Schofield et al., 2012; Stephens et al., 2017). In the first mechanism, a change 

of stress orientation at the propagating front is likely due to the onset of mixed-mode loading 

(Mode I+II, Mode I+III), which results in twisting and splitting of the sill tip into en-echelon 

segments with a consistent stepping direction (Pollard et al., 1982; Nicholson and Pollard, 

1985). In the second mechanism, sills emplaced into layered sedimentary strata can become 

segmented with inconsistent stepping direction as they follow pathways of least resistance (e.g., 

bedding planes, fault planes).  

 

 

 

 

 

 

 

Figure 4.10: Conceptual model for segment evolution within a saucer-shaped sill. (a) Side and plan views 

of propagating sill front geometries during: (i) the horizontal inner sill (Stage 1), (ii) the inner sill to 

inclined sheet transition (Stage 2), and iii) the inclined outer sheet (Stage 3). The continuous and dashed 

red lines represent active and previous propagating margins, respectively. (b) Simplified cross-sectional 

view (schematic) of the intrusion shown in (a) and the related emplacement mechanisms. Mode I – elastic 

fracture opening (planar). Mixed-mode (I+III) – breaking/twisting of the propagating front (segmentation). 
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However, inelastic mechanisms, such as ductile flow, shear faulting and granular flow (e.g., 

fluidisation) can also result in segment formation (Pollard et al., 1975; Thomson and Hutton, 

2004; Schofield et al., 2012; Magee et al., 2016; Spacapan et al., 2017). Viscous-fingering 

instabilities (e.g., Saffman-Taylor instability) between a propagating magma front and a fluid 

host rock have previously been invoked as a mechanism of magma finger initiation (Pollard et 

al., 1975; Schofield et al., 2010). Moreover, a recent analysis by Ball et al. (2021,  and 

references therein) show that visco-plastic Saffmann-Talyor instabilities can also form fracture 

fronts that are similar to magma fingers in both nature (Schofield et al., 2010) and the laboratory 

experiments reported here (Arachchige et al., 2021; Chapter 3 and 4).  

 Using this framework, and the sill segment and segment connector geometries and 

pressure curves recorded in our experiments, we propose the following multi-stage model for 

sill propagation and segmentation: 

 Stage 1: Emplacement and propagation of the horizontal inner sill (HIS) along a pre-

existing horizontal interface (Fig. 4.10). A penny-shaped sill with a planar margin is initially 

emplaced as a Mode I fracture (opening mode) controlled by magma overpressure and the 

elastic response of the host rock, consistent with predictions from linear elastic fracture 

mechanics (LEFM) (e.g., Pollard and Holzhausen, 1979). The lobe and finger-like segments 

then start to emerge from the planar front without any offset or stepping, which suggests that 

the brittle-elastic LEFM mechanisms may not apply.  Therefore, the marginal lobes and finger-

like segments observed in this stage (Fig. 4.10b, Stage 1)  are more likely linked to small-scale 

(< 1cm) visco-plastic version of Saffman-Taylor instabilities (Ball et al., 2021) occurring at the 

tip of the propagating sills. Segments will then propagate and grow provided there is sufficient 

driving pressure, and once they reach a critical dimension, segment coalescence then occurs to 

reform a planar sill front. This cyclic behaviour continues until the sill starts to propagate within 

the upper homogenous layer.  

 

 Stage 2: Transition from a horizontal inner sill (HIS) to an inclined outer sheet (IS) (Fig. 

4.10; Stage 2). When the HIS reaches a critical radius (rc) of approximately the thickness of the 

overburden (H) (i.e. 0.5 ≤ rc/H ≤ 2.5; Arachchige et al. Chapter 3), the sill becomes inclined 

relative to the L1/L2 interface and the free surface, forcing the stress at the sill tip to become 

asymmetric. Due to the elastic dominant interaction between the propagating sill and the upper 

free surface (Pollard and Holzhausen, 1979; Galland et al., 2008) the sill also climbs upwards 

due to the asymmetry of the stress field caused by the uplift of the overburden. 
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 Stage 3: Sill segmentation within the inclined sheet (Fig. 4.10; Stage 3). Within the 

outer inclined sheet, sill propagation is no longer controlled by the anisotropy of the L1/L2 

interface and the intrusion evolves in 3D. Propagation of the inclined sheet may cause surface 

uplift or force folding in the overburden, which will change the principal stress orientations 

(Fig. 4.10b). These changes at the sill front lead to 3D segmentation (> 1cm), which can be 

attributed to the mixed mode (Mode I+III) loading. In this case, the mode III component might 

be related to: (i) the 3D fracture geometry; (ii) flow front instability; or (iii) interactions with 

the side and upper boundaries. Unlike Stage 1, the segments are either co-planar and/or multi 

planar, with horizontal and vertical offsets. Inflation of these segments results in the formation 

of segment connectors such as bridges and broken bridges (Schofield et al., 2012; Magee et al., 

2019). The margin then becomes planar (or quasi-planar) due to the connection of segments 

through bridges and broken bridges.  

 

Our conceptual model provides an evolutionary framework for sill segmentation within saucer-

shaped intrusions. The marginal lobes and finger-like segments observed within the interface 

(i.e., inner sill) and the homogenous upper layer (i.e., inclined sheet) in our experiments are 

more likely linked to small-scale (< 1cm) visco-plastic deformation instabilities occurring at 

the tip of the propagating sills and large-scale (>1 cm) mixed mode (Mode I+III) loading, 

respectively . This suggests the operation of scale-dependent deformation processes, with 

brittle-elastic (LEFM) processes dominating at the whole of intrusion scale and visco-plastic 

processes dominating at the crack tip scale. Moreover, the model is consistent with field and 

3D seismic observations of sills and dykes in the shallow brittle upper crust. Importantly, it 

provides insights on the evolution of segments and segment connectors in time and space as an 

intrusion propagates in 3D. 

 

4. 6. Conclusions 

 We present a detailed geometrical analysis of sill segmentation in a series of saucer-

shaped sill emplacement experiments. Paraffin oil (model magma) is injected at constant flow 

rate into a layered, visco-elasto-plastic Laponite RD® (model crust). Our key conclusions are: 

1. The modelled saucer-shaped sills have complex geometries and highly segmented margins 

consisting of fingers and lobes in both the inner flat sill, following a horizontal layer interface, 

and the outer inclined sheet where the segments exploit a 3D volume around the sill tip.  
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2. Due to the influence of the interface, the flat section of the intrusion is limited to co-planar 

segments and therefore no segment connectors formed. However, out of plane segments form 

within the inclined sheet that lead to the formation of segment connectors due to segment 

overlap and inflation.   

3. Based on quantitative measurements of segment geometries, we determined that the 

segments have bimodal behaviour: i) interface-controlled aspect ratios (mode 1) forming wide 

lobes; and ii) homogenous layer-controlled aspect ratios (mode 2) forming narrow and long 

segments. 

4. The pressure signatures measured during saucer-shape sill intrusion can be linked to periods 

of marginal segmentation and coalescence. Transient increases during sill propagation occur 

during period of increased segmentation, as the rate of perimeter growth increases, whereas 

transient pressure drops occur during segment coalescence, as the rate of perimeter growth 

decreases. 

5. Our experiments suggest that segments and segment connectors evolve in space and time 

through multi-stage emplacement mechanisms. We present a conceptual sill segmentation 

model to account for the variety and sequence of segment geometries. We propose that the 

small-scale segments within the interface and the large-scale segments on inclined sheets are 

due to the visco-plastic instabilities and brittle-elastic fracturing, respectively.   
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Chapter 5 

Discussion and conclusions 
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5.1. Key findings 

The experimental approach in this project focussed on developing improved insights on the 

complexities of sills in nature, to better constrain how they are emplaced and propagate in the 

shallow crust, and how sill segmentation develops. My PhD research addresses two main 

overarching questions: (1) how do saucer-shaped sills form and propagate within rheologically 

complex host rocks; and (2) what controls the development of marginal lobes and fingers (i.e., 

sill segmentation) in sills? In order to answer these questions, a laboratory experimental 

program was developed, which focused on: (i) finding a suitable host rock analogue that 

satisfies rheological similarity with the visco-elasto-plastic behaviour of upper crustal rocks in 

nature; (ii) exploring the emplacement and growth mechanisms of saucer-shaped sills; and (iii) 

analysing the development of sill segments and segment connectors during the growth of 

saucer-shaped sills.  

Rheological and mechanical testing of gel-forming Laponite RD® (LRD) was performed to 

evaluate its suitability as a visco-elasto-plastic host rock analogue in laboratory analogue 

experiments (Chapter 2). The analyses reveal that LRD gels made using 2.5 to 4 wt. % 

concentrations in water are suitable analogues to model brittle elastic and plastic deformation 

in the Earth’s upper crust, and they exhibit visco-elasto-plastic behaviour during fracture 

propagation and the emplacement of model sills in the laboratory. Concentration above 4 wt. % 

are not recommended for analogue modelling applications because they form a gel structure 

too quickly, which prevents proper mixing, resulting in clumping of LRD powder and trapping 

of air bubbles.  To model brittle viscoelastic behaviour in the laboratory, shear strain 

amplitudes γ must be < 10 % (at shear strain rate 0.1 s-1).  Plastic deformation occurs at shear 

strain amplitudes γ > 26.2 % and a more complex behaviour develops in between these strain 

limits. The transitions between these behaviours depend on the applied strain and strain rate, 

composition and curing time of the sample, and are much less effected by temperature. 

 

Analogue experiments were carried out in a Perspex tank containing either a single layer or 

two layers of LRD. The physical properties (i.e., concentration and curing time) of the layer/s 

were varied to assess how the mechanical properties such as Young’s modulus (E) of the 

analogue material influence the emplacement, growth and the propagation of saucer-shaped 

intrusions (Chapter 3). The modelled intrusions match the profiles of saucer-shaped sills in 

nature well. These intrusions form an inner flat sill along the layer interface and an inclined 
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sheet through the upper homogenous layer.  The inner sill to outer inclined sheet transition in 

the experiments is strongly dependent on the Young’s modulus or rigidity ratio (E*) between 

the layers and the volumetric analogue magma injection rate. The saucer-shaped sills formed 

in the experiments are compatible with previous linear elastic fracture mechanics (LEFM) 

models in which the inner to outer sill transition is predicted to occur due to elasticity-

dominated interactions between the growing inner sill, the surrounding host material and the 

free surface.  

Saucer-shaped sills formed in the laboratory experiments have complex and highly segmented 

margins consisting of fingers and lobes that occur at the edges of both the inner sill and the 

outer inclined sheets. As the sill propagates, all marginal segments undergo periods of 

breaking/splitting and periods of merging/coalescence. Comparison of measurements of 

segment geometries from the margins of inner sills and outer inclined sheets indicate a bimodal 

behaviour: i) wide lobate segments with aspect ratios controlled by the Layer 1/2 interface; and 

ii) long and narrow segments with aspect ratios linked to fracture propagation within the 

homogeneous upper layer. Segment connectors such as bridges and broken bridges are only 

formed when the intrusion propagates within the upper homogenous layer. The main 

segmentation mechanism in the experiments is most likely linked to mixed Mode I+III 

fracturing (brittle-elastic), however it is also possible that visco-plastic Saffman-Taylor 

instabilities are linked to smaller scale segmentation in the vicinity of the crack tip. This 

suggests the operation of scale-dependent deformation processes, with brittle-elastic (LEFM) 

processes dominating at the whole of intrusion scale and visco-plastic processes dominating at 

the crack tip scale. 

5.2. Research implications 

5.2.1. Implications for analogue modelling of magma intrusions using Laponite RD® 

(LRD) 

A wide variety of host rock and magma analogue materials have been used to model igneous 

intrusions such as dykes and sills. Most of these materials have simple end member rheological 

behaviours (e.g., elastic, plastic or viscous) capable of producing simple model intrusions. 

However, with the development of 3D seismic analysis and from recent field studies, we know 

that dykes and sills do not have simple, planar outer margins as traditionally considered, rather 

they are complex and segmented. A comprehensive rheological characterisation of LRD 



106 

 

(Chapter 2) indicates that it is a versatile material that exibits behaviours range from brittle-

elastic, to elasto-visco-plastic to plastic, which is capable of modelling segmented intrusions 

with marginal lobes and fingers. I anticipate these findings will provide a link between our 

knowledge of segmented magmatic intrusions and rheologically complex upper crustal rocks. 

This in turn will provide a starting point for new geodynamic modelling investigations of non-

planar magmatic intrusions, and a new set of parameters for the numerical modelling of 

segmented igneous intrusions.  

5.2.2. Implications for the formation of dykes and sills with segmented margins 

The formation of igneous dykes and sills with non-planar or segmented margins has 

conventionally been attributed to end member processes, such as LEFM. The scaled analogue 

experiments presented here replicate, for the first time, the geometries of complex marginal 

structures that are observed at the leading edges of igneous sills in nature.  The experimental 

results also suggest the operation of scale-dependant processes during magma emplacement, 

such as brittle-elastic (LEFM) processes that dominate at the whole of intrusion scale, and 

visco-plastic processes that dominate at the vicinity of the crack tip. Therefore this thesis 

(Chapter 4) provides insights into the geometry and evolution of segments at the margins of 

sills and a conceptual dynamic model, which can be further applied to another igneous 

intrusions with non-planar margins (e.g., dykes).  

5.2.3. Implications for Ni-Cu magmatic sulphide deposits 

Finger-like structures that emerge from planar mafic sills are also known to trap Ni-Cu 

sulphides in poorly constrained narrow, elongated channels that occur from deep to shallow 

crustal levels (Naldrett, 1999; Seat et al., 2007; Stephen J. Barnes et al., 2016). Ni-Cu sulphide 

deposits, such as Noril’sk, Voisey Bay, Nebo-Babel and Jinchuan are hosted within igneous 

intrusions that show characteristic finger-like geometries (Saumur and Cruden, 2016). 

Therefore, flow of magma through elongate magma conduits is a major ore forming process. 

Despite an ever-increasing amount of surface and subsurface data with constantly improving 

resolution, understanding finger-like conduit geometries is still challenging. This thesis 

provides detailed information about the finger-like structures that emerge from planar igneous 

sheets that can be used to track magma flow pathways and to discover potential orthomagmatic 

ore deposits. The thesis provides critical insights into the fundamental mechanisms of how and 
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where these finger-like geometries emerge from planar igneous intrusions, which can be 

developed into important tools for targeting Ni-Cu sulphide mineralisation. 

5.3. Suggestions for future research 

The experimental results outlined in this thesis provide insights on the geometries and 

emplacement mechanisms of complex saucer-shaped sills and sill segmentation, which can be 

compared directly to natural examples. However, the transport of magma within dykes and sills 

through the Earth’s crust is complex and further work is required to fully understand their 

propagation mechanisms and controlling parameters. This future research should include: 

 

Temperature dependant magma analogues: Our experiments did not incorporate the effects 

of solidification of the magma analogue, which is a variable that can be achieved in laboratory 

experiments with an appropriate setup and equipment (e.g., Chanceaux and Menand, 2014, 

2016; Currier and Marsh, 2015). Magma viscosity increases by several orders of magnitude 

during cooling and solidification, making it one of the most important parameters governing 

the emplacement of intrusions. However, solidification effects are difficult to model in 

laboratory experiments due to challenging scaling requirements. Hence, most analogue models 

of igneous intrusion to date have been isothermal and the temperature dependence of viscosity 

has been ignored. Although several previous studies have used temperature dependant magma 

analogues in sill and dyke emplacement modelling (Taisne and Tait, 2011; Chanceaux and 

Menand, 2014, 2016; Currier and Marsh, 2015), no solidification experiments have been 

reported that replicate the results of our isothermal models. Therefore, the inclusion of  

temperature dependant magma analogues in future laboratory experiments using LRD gels will 

provide important insights on the role of magma cooling and solidification during the intrusion 

of saucer-shaped sills, and their segmentation.   

 

Tracer particles and PIV (Particle Image Velocimetry): Techniques such as digital image 

correlation (DIC) and particle image velocimetry (PIV) using tracer particles can be used to 

map host rock deformation, analogue magma flow in laboratory experiments (Kavanagh et al., 

2015, 2017, 2018a; Schmiedel et al., 2017). Even though analogue experiments are effective 

for generating 3D structures that are similar to those observed nature, due to their complexity 

they are often either described qualitatively or lack quantitative measurements. However, the 

ability to image and integrate measurements of surface and subsurface deformation and flow 
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in laboratory intrusions using DIC and PIV techniques can bridge this gap and, in turn, further 

inform numerical modelling approaches.  

 

Pressure measurements during experiments: Analysis of inlet pressures during laboratory 

crack propagation experiments can provide important information about flow dynamics and 

emplacement mechanisms. Most of the hydro-fractures modelled in the engineering literature 

successfully measure real-time pressure variations (Chang, 2004; Wu, 2006) . However, in 

most laboratory experiments of igneous dykes and sills, pressure has been either estimated 

using scaling laws or not recorded. We have shown in our preliminary study (Chapter 4) that 

adding a properly calibrated pressure sensor provides crucial information about intrusion 

growth and segmentation. Therefore, future efforts in laboratory modelling of igneous 

intrusions using pressure monitoring systems, especially when coupled with LRD as a host 

rock analogue will address this limitation.  In this context, it is anticipated that the model results 

presented in this thesis will provide a starting point for more sophisticated future laboratory 

and numerical modelling of igneous intrusions. 
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Appendix 1 

‘Cookbook’ for Laponite RD® preparation 

Laponite® has  been used extensively in colloidal and rheological modification analysis works  

(Mourchid et al., 1998; Bonn et al., 1999; Ruzicka and Zaccarelli, 2011; Christidis et al., 2018). 

However, sample preparation used here is different from these previous studies. In this section, 

we illustrate general guidelines and some of the specific aspects of sample preparation 

procedures:  

1. In order to get fully hydrated transparent suspensions, desired concentrations of Laponite 

powder need to be vigorously stirred either with distilled or ultrapure water (Milli-Q-Plus). 

2. It is highly recommend adding powder to the distilled water over the course of 15-30 s while 

the mixer is rotating.  

3. The solution has to be stirred rigorously until all the powder dissolves in the water. Even 

though different stirring times have been used by different studies (10-30 min), stirring for 15 

- 20 min is recommended.  

4. In order to get a chemically stable solution, working with high pH values (pH =10) is 

necessary and measurement of the pH of water before mixing or after adding Laponite is 

recommended. NaOH can be added to the solution in order to get the desired pH value. 

5. However, if after 15- 20 min rigorous mixing the solution is incomplete (opaque), pass the 

solution through a filter (0.8-1 µm, Millipore Milliex AA). 
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Appendix 2 

This appendix contains: 

 The side view video of the Exp. 6 in Chapter 3 and 4 – 7 frames per second 

 The plan view video of the Exp. 6 in Chapter 3 and 4 -  7 frames per second 

The file set can be downloaded via the following link: 

https://figshare.com/s/0715de0ba91b33cb552e 
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