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Abstract 

Dynamically scaled centrifuge analogue models are used to investigate recent 

interpretation of enhanced gravity data, which highlights northeast-striking inherited faults in the 

crust of northern India. The reactivation of these faults in the subducting Indian crust during the 

collision of India and Asia in the Paleogene (ca. 45–40 Ma) and early Neogene (ca. 20–15 Ma) is 

investigated to elucidate their potential role in localizing deformation in the upper crust. 

Models consist from bottom to top of a rigid basement material, a ductile middle, a 

layered package representing the upper crust, and a near-surface brittle layer. Viscoelastic 

materials used as analogues for the mid- and lower crust demonstrate complex dynamic 

behaviour; effective viscosity alone is not sufficient to determine if a material will be an effective 

analogue. Two series of rheological experiments are conducted using an oscillating parallel-plate 

rheometer to measure the storage and loss moduli and effective viscosities of potential materials. 

Inherently cohesive synthetic sands are suggested as suitable analogues for the brittle upper crust, 

historically not reproduced in centrifuge models. 

In models simulating early stage collision (ca. 10 Myr after onset), deformation is 

dominated by left-lateral strike-slip deformation along the inherited basement fault. This 

manifests in the upper brittle layer as three major sets of faults striking northwest–southeast (the 

same orientation as the basement fault), northeast–southwest, and east–west. Extension is 

accommodated in the northeast–southwest striking faults. In models simulating later stage 

collision (ca. 35 Myr after onset), deformation is dominated by shortening in the upper crust and 

two sets of folds develop. Strike-slip offset along the basement fault manifests in the ductile 

middle layer as lateral flow and the development of necking zones. These necking zones are 

interpreted to be discreet zones of strain transfer to the semi-ductile and brittle upper layers, 

localizing normal faults above. Three fault sets develop in the same orientation as the early stage 

collision models.  

We propose that the normal faults stepping en échelon along the basement fault are 

analogous to south Tibet graben in the prototype. These models, though based on the Himalaya, 

can be used as examples for thick-skinned orogenic systems worldwide. 
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Chapter 1 

Introduction 

1.1 Introduction 

The presence of inherited basement structures and their role in localizing deformation in 

overlying sequences have been document in extensional and compressional tectonic settings 

including Papua New Guinea (Corbett and Leach, 1998; Glen and Walshe, 1999; Hill et al., 2002; 

2010; Hill and Hall, 2003; Gow and Walshe, 2005; Lund, 2008), the Makassar Straits near 

Borneo (Gartrell et al., 2005), the Andean margin (Kley et al., 1999; Chernicoff et al., 2002), the 

North Sea (Koyi, 1991; Koyi and Petersen, 1993), the Appalachians (Thomas, 1977; 1983; 2006 

Konstantinovskaya et al., 2009; Dufréchou and Harris, 2013; Dufréchou et al., 2014), the 

Canadian Cordillera (Bégin and Spratt, 2002), Taiwan (Lu et al., 1998), and the Himalayan 

system (Gahalaut and Kundu, 2012; Goswami, 2012; Farzipour-Saein et al., 2013; Godin and 

Harris, 2014). Basement fault reactivation has been interpreted to control syn- and post-

depositional thickness of strata (Bégin and Spratt, 2002; Hill et al., 2010) and architecture of 

thrust sheets (Lu et al., 1998; Bégin and Spratt, 2002; Farzipour-Saein et al., 2013), the 

localization of ore deposits (Corbett and Leach, 1998; Chernicoff et al., 2002; Hill et al., 2002; 

Gow and Walshe, 2005; Lund, 2008), diapirs (Koyi, 1991; Koyi and Petersen, 1993), and 

earthquakes (Arora et al., 2012; Gahalaut and Arora, 2012), and influence the evolution and 

geometry of structures in overlying rocks (Glen and Walshe, 1999; Godin et al., 1999; Kley et al., 

1999; Gartrell et al., 2005; Goswami, 2012). 
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Northeast-trending paleotopographic ridges and faults have been identified in the 

Precambrian cratons of northern India (Figure 1.1; Oil and Natural Gas Commission, 1968; 

Valdiya, 1976; Karunakaran and Ranga Rao, 1979; Khattri and Tyagi, 1983; Bollinger et al., 

2004; Meert et al., 2010; Gahalaut and Kundu, 2012; Mallick et al., 2012) and have been 

interpreted to extend beneath the east–west  Himalayan orogen in the underplated Indian crust 

(Godin and Harris, 2014). 

The Indian plate continues to underplate southern Tibet as far as 31° N, based on 

seismological studies (Nabelek et al., 2009; He et al., 2010). Recent interpretation of enhanced 

gravity data by Godin and Harris (2014) suggests that the paleotopographic ridges of northern 

India are relict horsts bounded by multiply-reactivated crustal-scale faults. The shallow (0–10 km 

deep) and deep (10–80 km deep) gravitational lineaments project northward in the underplated 

Indian crust and coincide with neotectonic faults in the upper crust of the Himalaya and south 

Tibet. It is postulated that the upper crust faults root into the underplated Indian crust through a 

zone of low-viscosity mid-crust (Godin and Harris, 2014), which raises questions on the 

mechanism and evolution of their potential reactivation and their ability to transfer stress through 

a low-viscosity medium.  

The overarching goal of this thesis is to incorporate the geometry of these interpreted 

lineaments into centrifuge analogue models to examine the effect of reactivation along deep-

seated basement faults and elucidate their role in localizing deformation in the upper crust. X-ray 

computed tomography (CT) scanning is used to image models and observe the evolution of 

structures in 3D at each stage of deformation.  
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Figure 1.1  

(a) Simplified geology of northern peninsular India showing extent of Archean cratons (A: 
Aravalli; Bu: Bundelkhand; Ba: Bastar; S: Singhbhum; PCH: Peninsular Craton highlands), 
Proterozoic mobile belts (ADFB: Aravalli-Delhi fold belt; CITZ: Central Indian tectonic zone; 
CGC: Chhotanagpur gneiss complex; NSMB: North Singhbhum mobile belt; EGB: Eastern Ghats 
belt; SPGC: Shillong Plateau gneiss complex), major tectonic features of the Himalayan-Tibet 
system (KF: Karakoram fault; MFT: Main Frontal thrust; IYSZ: Indus-Yarlung suture zone) and 
Peninsular India (GBF: Great Boundary fault; NSNF: Narmada-Son North fault), and various 
cover sequences. Black dashed box shows prototype area for this study. Map modified from 
Godin and Harris (2014); originally compiled from Bhowmik et al. (2012) and Guillot and 
Replumaz (2013). (b) Enhanced Shuttle Radar Topography Mission (SRTM, courtesy of the U.S. 
Geological Survey) digital elevation image of northern India, Nepal, and Tibet showing location 
of subsurface ridges and major faults (red lines). Map modified from Godin & Harris (2014). 
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The first challenge is to characterize the rheological properties of the analogue materials 

that will be used to ensure appropriate scaling to the prototype area; this includes finding a 

cohesive, brittle material as an analogue for the upper brittle crust. The second challenge is to 

build and deform physical models of the prototype system in an effort to observe the influence of 

the basement structures on the overlying sequences during shortening. Correspondingly, this 

thesis is divided into two parts, one discussing material characterization and the other discussing 

the physical modelling of basement structures, in an effort to address the following questions: 

(1) What are the rheological properties of materials commonly used in centrifuge 

analogue modelling? 

(2) Is there a material that will behave as an analogue for the brittle upper crust? 

(3) Is it mechanically and kinematically feasible for movement along basement 

faults to propagate upwards into the mid- and upper crust through a low-

viscosity medium? 

(4) Can movement along basement faults localize structures in the mid- and 

upper crust, and if so, what are the structures at each stage? 

The rheological properties of materials catalogued in this study can be used in future centrifuge 

analogue modelling projects, provided strain rates are similar. Models in this study, though based 

on the prototype of northern India and the Himalayan, can be used as examples for thick-skinned 

orogenic systems worldwide. 

1.2 Background 

1.2.1 Geology of the prototype 

The Himalayan orogenic system is a product of the accretion of continental blocks, island 

arcs, and exotic terranes to the southern margin of the Eurasian plate, initiated at ca. 160 Ma 
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(Murphy et al., 1997; Yin and Harrison, 2000; He et al., 2007; Khan et al., 2009), which 

culminated with the closure of the neo-Tethys ocean and collision of the Indian plate at ca. 55–50 

Ma (Sharma, 1998; Hodges, 2000; Yin and Harrison, 2000; Najman et al., 2010; Chatterjee et al., 

2013).  

1.2.1.1 Northern India 

The geology of northern India is divided into four zones: the Precambrian cratons, late 

Paleozoic and Mesozoic sedimentary rocks, Himalayan foreland basin fill sediments, and the 

tectonically active southern edge of the orogenic front (Figure 1.1). The Aravalli, Bundelkhand, 

Bastar-Bhandara, and Singhbhum cratons comprise early Archean gneiss-greenstone assemblages 

of the Precambrian cratons (Mondal et al., 2002; Radhakrishna et al., 2013).  The cratons are 

separated by Proterozoic mobile belts (Bhowmik et al., 2011; 2012): the Aravalli-Delhi fold belt 

(Saha et al., 2008), the Central Indian Tectonic Zone (Bhowmik et al., 2011), the composite 

Chhotanagpur gneiss complex and North Singhbhum mobile belt (Chatterjee et al., 2008; Rekha 

et al., 2011), the Shillong Plateau gneiss complex (Chatterjee et al., 2007; Yin et al., 2010), and 

the Eastern Ghats belt (Figure 1.1; Kovach et al., 2011; Upadhyay et al., 2009).  

The Aravalli, Bundelkhand, Bastar-Bhandara, and Singhbhum cratons are associated with 

three subsurface basement ridges; the Delhi-Hardwar, Faizabad, and Munger-Saharsa ridges from 

west to east, respectively (Figure 1.1b; Oil and Natural Gas Commission, 1968). The Indian plate 

slopes ca. 0.1° northward approaching the Himalaya as it underplates Eurasia (Nábělek et al., 

2009; Guillot and Replumaz, 2013). Localized between the four Precambrian cratons and their 

associated ridges are Mesoproterozoic to Neoproterozoic intra-cratonic rift basins (Radhakrishna 

and Naqvi, 1986). The basins are filled with unmetamorphosed and mildly deformed sedimentary 

rocks and volcaniclastics of the Vindhyan and Krol sequences (Bose et al., 2001; Chakraborty et 
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al., 2006; Chakrabarti et al., 2007; Malone et al., 2008), discontinuously overlain by Permo-

Triassic Gondwana Group sedimentary rocks (Harris, 1994; Bhattacharyya and Mitra, 2009; 

Chatterjee et al., 2013). Partially covering the basins are Late Cretaceous Deccan and Rajmahal 

Trap basalts (Figure 1.1; Hofmann et al., 2000). To the north, Neogene alluvial sedimentary rocks 

of the Siwalik Group and unconsolidated Quaternary sediments of the modern alluvial Indo-

Gangetic plain discontinuously overly the Precambrian ridges, Permo-Triassic sedimentary rocks, 

and Deccan Traps (DeCelles et al., 2001). 

1.2.1.2 The Himalaya 

The Himalayan system comprises four lithotectonic domains: the Tethyan sedimentary 

sequence, the Greater Himalayan sequence, the Lesser Himalayan sequence, and the Sub-

Himalayan sequence (the Siwalik Group sedimentary rocks and the sediments of the Indo-

Gangetic plain). The South Tibetan detachment system, Main Central thrust, Main Boundary 

thrust, and Main Frontal thrust separate these four domains, respectively (Figure 1.1; Hodges, 

2000; Yin and Harrison, 2000). The Himalayan Main Frontal thrust is the youngest of a series of 

south-directed thrust faults that comprise the Himalayan fold-thrust belt, and is interpreted to 

have initiated in the Pliocene (DeCelles et al., 2001; Najman, 2006). The Main Frontal thrust 

defines the tectonically active southern limit of the Himalaya. The surface trace of the fault is 

meandering (Figure 1.1) and it has been suggested that the reentrants and promontories are 

related to the subduction of the Precambrian ridges in the Indian basement and their bounding 

faults (Goswami, 2012). Transverse faults accommodate east–west movement in the Himalaya, 

the largest of which is the Karakorum fault (Hodges, 2000), which has recently been suggested as 

part of a larger, dextral shear system called the Western Nepal Fault System (Murphy et al., 

2014). A pervasive, north–south-trending graben system in southern Tibet developed coeval to 
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shortening (Zhang et al., 2000) due to east–west extension in the upper crust, which has been 

linked to lateral extrusion and plastic flow in the mid-crust (Yin, 2000; Burchfiel et al., 2008; 

Royden et al., 2008). 

1.2.1.3 Geophysical data of the subsurface 

Studies in the Indo-Gangetic plain indicate the presence of both subsurface basement 

topography and deep faults and lineaments. Valdiya (1976) made a link between transverse folds 

and faults in the Tethyan sedimentary sequence, Lesser Himalayan sequence, and Siwalik Group 

sediments and three subsurface ridges based on the first geophysical surveys of the area (Oil and 

Natural Gas Commission, 1968). This initial link was followed by Bouguer gravity (Qureshy and 

Warsi, 1977; 1980; Godin and Harris, 2014), remote sensing (Ramasamy et al., 1988), and 

seismic reflection (Prasad and Rao, 2006) surveys. These studies showed anomalies supporting 

the presence of northeast and northwest-trending faults and ridges in the Precambrian basement. 

The three ridges, from west to east, are the Delhi-Hardwar ridge, the Faizabad ridge, and the 

Munger-Saharsa ridge; they represent extensions of the Proterozoic Aravalli-Delhi fold belt, the 

Archean Bundelkhand craton, and the Proterozoic Saptura fold belt, respectively (Prasad et al., 

1998; Vijaya Rao and Reddy, 2002; Saha and Mazumder, 2012). In addition to the orogen-

perpendicular faults related to the basement ridges, the northern edge of the Indian subcontinent 

underwent rifting in the middle Early Permian during the separation of Cimmeria from 

Gondwana and opening of the Neotethys Ocean (Stampfli et al., 1991; Sciunnach and Garzanti, 

2012). This separation produced normal faults and rift topography parallel to the northern 

continental margin of India, linked by perpendicular transfer faults (Stampfli et al., 1991; 

Sciunnach and Garzanti, 2012; Shellnutt et al., 2014). 
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Two studies by Qureshy and Warsi (1977; 1980) compiled a large database of Bouguer 

gravity data collected by the Survey of India, Oil and Natural Gas Commission, National 

Geophysical Research Institute, and Hawaii Institute of Geophysics to establish a general 

Bouguer anomaly gravity map of peninsular India. The studies discuss gravity highs and lows 

that fan northwest from the Narmada-Son lineament (Figure 1.1); the anomalies parallel major 

structural trends but do not necessarily correlate with surface geology, suggesting major zones of 

weakness and mobility that are deeply rooted in the crust (Qureshy and Warsi, 1977; 1980). 

Remote sensing (Landsat Multispectral Scanner and aerial photographs) data were used 

in a study by Ramasamy et al. (1988) to map lineament patterns south of the Bundelkhand massif. 

Two prominent orientations were identified: northwest–southeast, and northeast–southwest. 

Kinematic analysis of these lineament systems, including orientation of extension fractures, shear 

fractures, and axial traces of folds in the area, led to an interpretation of the paleostress 

environment; the orientation of the horizontal greatest principal stress ( ) aligned with the 

northeast–southwest lineaments and the least principal stress ( ) aligned with the northwest–

southeast lineaments ( 	is interpreted to be vertical; Ramasamy et al., 1988). From this, the 

study infers a pre-Vindhyan basement ridge south of the area, in line with the Bundelkhand 

massif (Ramasamy et al., 1988). 

Prasad and Rao (2006) completed a seismic reflection study over the Vindhyan basin to 

determine thickness of the basin fill and the relation of the Vindhyan basin to the Great Boundary 

Fault. Interpretation of the survey identified two sub-parallel east–northeast lineaments that 

correlate to the location of the Bundelkhand massif and Faizabad ridge: the Asmara lineament 

bounding the northwest and the Jhalawar lineament bounding the southeast (Prasad and Rao, 

2006). The study links the Faizabad ridge and Bundelkhand massif with a basement ridge 
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proposed by Ghosh (1981) to divide the Son-Valley and the Rajasthan Vindhyan sedimentary 

rocks. Conclusions suggest active faulting along the Asmara and Jhalawar lineaments in the 

Proterozoic during deposition of the Vindhyan sediments (Prasad and Rao, 2006).  

Harris and Beeson (1993) also examined this lineament system in a study focused on the 

pattern of folding in the Vindhyan sequence in relation to wrench faults within the Great 

Boundary and Narmada-Son fault zones. The study concludes that the wrench faults are spatially 

related to basement structures, and the folding pattern suggests multiple reactivations of the 

system in the early Palaeozoic (Harris and Beeson, 1993).  

Seismicity studies along the orogenic front indicate that although the rate of convergence 

is fairly uniform, there is evidence of along-strike heterogeneity in terms of magnitude, spatial 

segmentation, and diversity of source mechanisms (Khattri and Tyagi, 1983; Kayal, 2001; Arora 

et al., 2012; Gahalaut and Kundu, 2012). The spatial distribution of earthquakes analysed by 

Khattri and Tyagi (1983) revealed three distinct zone of seismicity: a broad zone trending east–

west representing the Main Frontal thrust of the Himalaya, and two oblique zones trending 

northeast and northwest. It is suggested that these oblique zones are either a result of continuation 

of the structural lineaments observed in peninsular India (after Valdiya, 1976), or that they are 

expected and predicted by slip-line-field theory (after Tapponnier and Molnar, 1976; Khattri and 

Tyagi, 1983). 

Kayal (2001) examined microseismic activity and identified several areas along strike 

that suggest deep-seated faults transverse to the main thrust system, which localize shallow (0–15 

km depth) and deep (15–80 km depth) earthquakes and microearthquakes (magnitude < 2).   

Three recent papers by Arora et al. (2012), Gahalaut and Arora (2012), and Gahalaut and 

Kundu (2012) all noted a lack of large earthquakes localizing near the basement ridges. Contrary 
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to earlier studies that suggest the ridges act as asperities (e.g. Valdiya, 1976; Khattri and Tyagi, 

1983), Gahalaut and Kundu (2012) suggest that the ridges actually stall earthquake rupture due to 

low, heterogeneous seismic coupling between the sediment-starved ridges and the overriding 

Himalayan wedge. The study advocates that one cannot correlate the small and moderate 

earthquakes with the ridges; Gahalaut and Kundu (2012) state that “only those earthquakes whose 

rupture lengths (along the strike of the Himalaya) are more or less comparable to the Himalayan 

arc width should be analysed and correlated with the ridges” (p. 1083). 

Several studies link geophysical interpretations with geomorphology of the Indo-

Gangetic plain (Sahu et al., 2010; Goswami, 2012) and structures in the high Himalaya (Dasgupta 

et al., 1987; Godin and Harris, 2014). Sahu et al. (2010) used satellite images coupled with 

geomorphologic field studies to document changes in alluvial plains of the southeastern Ganga 

basin. Based on these changes, the study concluded that basement faults and associated tectonics 

have produced lateral and transverse effects such as channel avulsion, migration, and longitudinal 

variation in channel morphology of one of the southern tributaries of the Ganga River. A similar 

study by Goswami (2012) used satellite images, aerial photographs, digital terrain models, and 

field data to investigate the role of active faulting in the northwest Ganga basin. Offset in the 

Himalayan Frontal thrust was observed in the form of dip-slip, oblique-slip, and strike-slip faults 

extending into the Ganga basin. The study determined that some of the transverse faults appear to 

be localizing above basement ridges and suggested that reactivation of inherited faults bounding 

the ridges is causing movement along the transverse faults in the basin (Goswami, 2012). 

An analysis of satellite images, surface mapping, and teleseismic data by Dasgupta et al. 

(1987) linked the ridges to lineaments and graben in the high Himalaya. It was noted that many of 

the transverse lineaments are established faults, and that several regionally extensive lineaments 
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produce noticeable offsets on the major thrust sheets. Seismic activity is interpreted to correlate 

with the mapped transverse features, but the study determined that the depth penetration of the 

faults is difficult to establish from the available data and this is an essential next step. 

Additionally, the proposed model suggests that there is no apparent east–west material flow under 

the high Himalaya graben (Dasgupta et al., 1987). 

A recent study by Godin and Harris (2014) used Earth Gravitational Model (EGM2008) 

Bouguer gravity data from the Bureau Gravimétrique International to generate a gravity map of 

northern India. The data were separated into long- and mid-wavelength components with a 

Butterworth filter and enhanced with tilt angle to highlight lithological contacts and linear 

structural features (after Austin and Blenkinsop, 2008; Dufréchou and Harris, 2013; Dufréchou et 

al., 2014). Multiscale wavelet analysis (commonly referred to as ‘gravity worming’; Figure 1.2) 

was used to detect edges (‘worms’) in the horizontal gradient of the upward continued total 

Bouguer gravity field (Archibald et al., 1999; Holden et al., 2000; Austin and Blenkinsop, 2008; 

Dufréchou et al., 2014). The worms highlight shallow crustal to upper lithospheric structural 

contacts and provide a representation of source depth (taken as half the level of upward 

continuation; after Jacobsen, 1987). The lateral shift of worms at different depths allows a dip and 

dip direction to be calculated (Holden et al., 2000). Gravity worms have been used successfully to 

map regional crustal structures and differences in deformation from upper to lower crust (Bierlein 

et al., 2006; Peschler et al., 2006; Austin and Blenkinsop, 2008; Dufréchou et al., 2014). 

Godin and Harris (2014) suggest that neotectonic faults in the Himalaya and south Tibet 

coincide with interpreted shallow (0–10 km) and deep (10–80 km) gravity lineaments and further 

conclude that some of the active faults are deep-seated and root into the underplated Indian crust.  
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Figure 1.2 

Gravity ‘worm’ map of norther Indian, the Himalaya, and southern Tibet generated by Godin and 
Harris (2014). Multiscale wavelet edges in the horizontal gradient of the total Bouguer gravity 
field (termed gravity ‘worms’; see Archibald et al. 1999; Holden et al., 2000) were used to 
generate the above map, which highlights major structural and lithological discontinuities based 
on density contrast. The map provides a graphical representation of source depth (taken as half 
the level of upward continuation; after Jacobsen 1987) and the lateral shift of the worms across 
the horizontal gradient from surface to ca. 10 km illustrates the dip of the linear structures 
(Holden et al., 2000). The ‘worms’ highlight upper crustal features in northern India, the 
Himalaya, and southern Tibet. This study focuses on the Faizabad ridge (in the subsurface 
directly southeast of Lucknow) and the bounding fault on the southeastern edge, striking ca. 040º 
– 050º and dipping ca. 70º – 80º to the southeast (area outlined with orange box; see Figure 1.3 
for highlighted interpretation). 
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This raises the question of the mechanical difficulty in linking upper- and lower-plate 

faults through a zone of low-viscosity mid-crust that may be flowing eastward in the high 

Himalaya (Burchfiel et al., 2008; Royden et al., 2008). One suggested explanation is that the 

basement faults are concentrating stress during reactivation and acting as ‘stress risers’ (after 

Sibson, 1980; Marshak and Paulsen, 1997) localizing stretching strain. Additionally, upper crustal 

faults may step en échelon above the interpreted basement structures instead of directly rooting 

into them (Godin and Harris, 2014). 

The presence of the basement ridges and faults has been demonstrated, and their size and 

depth below the Indo-Gangetic plain and the Himalaya constrained. The outstanding questions 

regarding the basement faults is their ability to localize deformation in the upper crust and 

whether it is mechanically feasible to transfer stress through a low-viscosity medium. 

Centrifuge analogue models are used in this study to dynamically recreate this potential 

reactivation. Models are based on the geology of northern India and the Himalaya during two 

stages of evolution of the system: 10 Myr after initial collision and 35 Myr after initial collision 

(ca. 45–40 and 20–15 Ma, respectively. The geometry of the fault being modelled is based on the 

Pokhara lineament (Figure 1.2 and Figure 1.3; after Godin and Harris, 2014). 

1.2.2 Physical modelling 

Physical modelling is an effective way to examine the evolution of geologic processes. 

The first published studies using systematic physical modelling were by Cadell (1889) and Willis 

(1893) who studied thrust and fold evolution using a pure-shear box. Similar studies following 

these initial experimental designs investigated a range of geologic problems (see Koyi, 1997, and 

references therein).  
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Figure 1.3 

Interpretation of major cross-strike Indian basement lineaments (light brown dashed lines) 
connecting faults in the underplated Indian basement with upper crustal faults and graben north 
of the Main Frontal thrust interpreted by Godin and Harris (2014) based on ‘mid-’ and ‘long-’ 
wavelength components of Bouguer gravity data (shown as black lines). Three major basement 
ridges shown in light brown; major graben system in southern Tibet: B: Burang; L: Lunggar; 
TC: Tangra Yum Co; T: Thakkhola; SL: Senza-Laze; YG: Yadong-Gulu. This study focuses on 
the Pokhara fault and the Thakkola graben (highlighted with blue). Map modified from Godin 
and Harris (2014). 
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All of these studies used pure and simple shear boxes to extend and compress clay, 

silicone, and/or sand layers (Hubbert, 1951; Cobbold and Quinquis, 1980; Harris and Cobbold, 

1984). Some of these early workers, recognizing the importance of gravity, used heavy objects in 

an attempt to simulate enhanced gravitational force and prevent their models from developing 

exaggerated structures (Hall, 1815; Willis, 1893). 

Hans Ramberg (1967a; 1967b; 1971; 1972) was one of the first to emphasise this 

important role of gravity in geologic processes and begin systematically modelling gravity-driven 

structures and tectonic processes in a centrifuge based on techniques developed by Bucky (1931). 

The use of a centrifuge allowed the gravitational force to be increased, and materials with greater 

strengths to be used such as modelling clay, viscous putties, and sand mixed with oil or wax. 

Using these more competent materials, Ramberg was able to make more intricate models and 

investigate domes, folds, gravity sliding, and lava extrusion (Ramberg, 1967a; 1971; Ghosh and 

Ramberg, 1968). Other workers expanded on the techniques developed by Ramberg and modelled 

diapirism, fold-thrust belt evolution, continental extension (Dixon, 1975; Jackson and Talbot, 

1989; Harris and Koyi, 2003; Konstantinovskaya et al., 2007), and mid-crustal flow and 

superstructure folding (Godin et al., 2011; Harris et al., 2012a; 2012b; Yakymchuk et al., 2012). 

The radial centrifugal force of the machine is used to simulate and scale gravity. Rather than 

being in swinging buckets, in some centrifuges that have been modified for physical modelling 

the model chambers are in a fixed orientation and models must be inserted vertically. In these 

centrifuge laboratories, models must have materials that are cohesive and will not slide off at 

normal gravity while being transported and inserted, prohibiting the use of loose sand to simulate 

brittle deformation.  
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To document and quantify deformation, modellers have used several techniques on the 

surface and in the interior of ‘normal’ gravity (1 g1) and centrifuge models. To observe fold and 

fault evolution, models are built with layers of different materials or different colours of 

materials; contrasting mechanical properties in materials of adjacent layers act as active strain 

markers and allow strain to be quantified. On the surface, grids of known dimensions are stamped 

to observe and quantify the evolution of deformation. Centrifuge models built with competent 

materials are commonly sliced parallel to the shortening or extension direction after each stage at 

predetermined increments to observe internal deformation; this introduces slight heterogeneities 

which have the potential to impact subsequent deformation, but in most cases this is an acceptable 

side effect.  

To avoid slicing models during deformation, Mandl (1988) was the first to use X-ray 

computed tomography (CT) scanning to digitally image the models in 3D. Colletta et al. (1991) 

used CT scanning to image sandbox models during deformation, as they could not be sliced. It 

was not useful initially to use CT scanning for centrifuge models because of their intricacy; the 

individual layers are very thin and the density changes between them are minor, and the 

resolution of the images was not sufficient enough to show the evolution of deformation. Poulin 

(2008) developed techniques and parameters for imaging multilayer models based on density 

contrast, which were applied to centrifuge models of channel flow (Harris et al., 2012a; 2012b), 

and deformation in thick-skinned orogenic systems of a multilayered sequence over a ductile 

substrate (Yakymchuk et al., 2012). Imaging centrifuge models in a CT scanner during and after 

deformation allows for a complete 3D analysis of the evolution of the system and negates the 

                                                      
1 Gravitational force (g) acceleration: 1 g is the acceleration due to gravity at the Earth’s surface and is 
considered standard acceleration due to gravity, defined as 9.80665 m/s2 (BIPM, 2006). 
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need to slice the models, removing the risk of introduced heterogeneities influencing subsequent 

deformation. 

Physical modelling is, necessarily, a simplification of natural processes. Therefore, there 

are inherent limitations in centrifuge analogue models (after Koyi, 1997): 

(i) there are limited materials that can be used as analogues to simulate a vast range of 

rock properties and behaviour; 

(ii) chemical reactions and fluid movement cannot currently be simulated in centrifuge 

models; 

(iii) the rheology of rocks is dependent on temperature, confining pressure, strain rate, 

deformation history, and pore and fluid pressure and is not well constrained in nature. 

The final point is potentially the most important, as the accuracy of the model results depends on 

the accuracy of the input data and resultant scaling calculations. A conceptual model of the 

prototype area or process is generated based on simplified input data, and this idealized prototype 

or system is used to scale the dimensions, deformation rate, and analogue materials used for the 

model. Systematic scaling experiments have increased accuracy in physical modelling (Dixon and 

Summers, 1985; Davy and Cobbold, 1988), and improvements in the field of material science has 

led to the use of rheometers for classifying analogue modelling materials (Weijermars, 1986; 

Weijermars and Schmeling, 1986; Hailemariam and Mulugeta, 1998; ten Grotenhuis et al., 2002; 

Boutelier et al., 2008). These studies, however, focus on a narrow range of materials, and some 

do not consider important additional rheological parameters, including the shear modulus and 

linear viscoelasticity. There is a disconnect in current rheological classifications of analogue 

materials used in centrifuge modelling due to different techniques and a lack of consideration of 

important parameters that influence the behaviour of a viscoelastic material. The first part of this 
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thesis seeks to measure the rheological parameters of the materials used in analogue centrifuge 

modelling to increase scaling accuracy, and therefore model accuracy. 

1.2.2.1 Previous analogue modelling of basement structures 

McClay and Dooley (1995) used sandbox models to observe development of pull-apart 

basins in sedimentary strata above releasing steps in underlying basement faults. The structure of 

the models in the study were found to compared directly in form and dimension to natural 

examples of pull-apart basins thought to be localizing over basement faults (e.g. in the northern 

Argentinean Andes) and demonstrated both the progressive evolution of the surface fault traces 

and the basin geometries at depth. The study concludes that offset in basement strike-slip fault 

segments is instrumental in the development of pull-apart basins in overlying sequences (McClay 

and Dooley, 1995). 

Lu et al. (1998) used sandbox modelling to simulate the oblique convergence of the 

Taiwan mountain belt and underlying basement highs. The study found that the structural units of 

the foreland thrust wedge and the tectonic style are strongly controlled by the shape and geometry 

of the basement highs; the contraction against the ridges is suggested as the main cause for the 

curvature of the thrust front (Lu et al., 1998). 

A study by Konstantinovskaya et al. (2009) examined the influence of a rigid basement 

escarpment on overlying thrust sheets in the Appalachians using sandbox models. Models were 

composed of quartz sand over a fixed, rigid basement with varying topography parallel or oblique 

to shortening direction. The models, when compared with geologic data, supported the study 

hypothesis that pre-existing structure in the Grenville basement was one of three major factors 

that influenced the development of back thrusts and triangle zones in the St. Lawrence Lowlands, 
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and deflection and rotation of frontal thrusts in the Quebec Appalachians (Konstantinovskaya et 

al., 2009). 

The variation in deformation across basement steps in the Zagros fold-thrust belt was 

studied by Farzipour-Saein et al. (2013) using sandbox models. The structural evolution of the 

models was influenced by the configuration of the basement blocks and thickness variation of the 

sedimentary cover (in response to the basement topography), which resulted in an irregular 

deformation front during shortening. The results suggested that thickness variation of cover 

sequences was more important for controlling the deformation along a fold-thrust belt than 

reactivation of the basement faults alone (Farzipour-Saein et al., 2013). 

 Saltzer and Pollard (1992) used distinct element computer modelling to examine the fold 

and fault patterns developed in sedimentary strata above reactivated basement normal faults. The 

study concluded that folding and faulting patterns in the overburden may be used to constrain 

possible dip and location of basement faults, and presence (or absence) of crustal block rotation. 

In a similar study, Finch et al. (2004) used 2D discrete element modelling to observe 

deformation in initially unfaulted cover stratigraphy over discrete contraction faults at depth. 

Several configurations were examined and the numerical models were able to reproduce features 

seen in analogue models, seismic studies, and outcrop observation. The basement fault 

propagated into the overlying layers, localized folding, and induced layer thickening relative to 

the dip of the fault and the strength of the stratigraphic cover (Finch et al., 2004). 

Centrifuge analogue modelling was used in studies by Koyi (1991) and Koyi and 

Petersen (1993) to investigate the influence of basement faults on the development of salt 

structures. The models used by Koyi (1991) were composed of a rigid basement with pre-cut 

normal faults, covered with polydimethylsiloxane (PDMS, as an analogue for salt), all covered 
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with a thin layer of overburden. The movement of the PDMS was observed during extension 

under accelerations of 1000 g over different time scales. The models showed that lateral 

extension, with or without reactivation of extensional basement faults, influenced both the shape 

and pattern of gravity structures regardless of their relative age relationships; additionally, the 

shapes and locations of post- and syn-fault salt diapirs are strongly controlled by reactivated 

basement faults. Expanding on this, Koyi and Petersen (1993) used centrifuge analogue models of 

similar configuration to investigate the possibility that basement faults trigger salt diapirs in the 

Danish Basin. Results of the study suggest that diapirs localize along basement faults, which 

weaken the stiffer overburden, facilitating intrusion. 

 Faisal and Dixon (2014) examined along- and across-strike structural variations in the 

Salt Range and Potwar Plateau of Pakistan using centrifuge analogue modelling; pre-cut ramps 

were built into the models to simulate existing basement faults. Models suggest that the ramp 

system, which is controlled by pre-existing basement faults, coupled with a weak detachment 

zone are the primary controls on the structural styles of the region (Faisal and Dixon, 2014).  

1.3 This study: timeline and thesis outline 

Rheological measurements were conducted over the summer of 2012 and in the winter of 

2013 in collaboration with Dr. Marianna Kontopoulou in the Department of Chemical 

Engineering at Queen’s University. Materials properties were measured using an Alpha 

Technologies Advanced Polymer Analyser (APA) 2000, which is a temperature-controlled, 

oscillating parallel-plate rheometer. The dynamic moduli and effective viscosity (Barnes et al., 

1989) of each sample were measured with two tests, a strain sweep and a frequency sweep, in 

order to constrain the effective viscosity of the materials at centrifuge modelling strain rates. 
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Modelling took place over several sessions from summer 2013 to January 2014. Initially, 

test models were focused on the development of a brittle material to simulate the upper crust. 

Finding a naturally cohesive material that would behave as a brittle analogue ensured models in 

this study were complete from lowest crust (basement) to upper crust. Focus then turned to the 

main question of this thesis: the potential reactivation of inherited basement faults. Models were 

build, deformed, photographed, and scanned in a medical-grade CT scanner at the Institut 

national de la recherche scientifique, centre - Eau Terre Environnement (INRS-ETE) in Quebec 

City. Photographs and CT images were analysed to determine structural evolution and 

deformation patterns. Model results were compared to digital elevation models of the prototype 

area and inferences regarding the influence of the basement structures on the Himalayan system 

are discussed. 

This thesis is divided into four chapters, with two main subjects: material classification 

and rheological testing, and centrifuge modelling of the prototype system. Original research 

concerning rheological parameters of analogue modelling materials is discussed in Chapter 2, 

which is written as a stand-alone manuscript that will be submitted for publication to the Journal 

of Structural Geology. Centrifuge modelling results and implications are discussed in Chapter 3, 

which is written as a stand-alone manuscript that will be submitted for publication to Tectonics or 

the Journal of Geophysical Research: Solid Earth. Conclusions, possible implications, and 

suggestions for future research are presented in Chapter 4.  Appendix A contains additional 

rheological data including raw data from the APA 2000. Appendix B presents a comprehensive 

record of preliminary models, including composition, geometry, and photographs, as well as 

additional CT scan images from the four final models discussed in Chapter 3. 
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Chapter 2 

Rheological and physical characteristics of crustal-scaled materials for 

centrifuge analogue modelling 

2.1 Abstract 

Geologic systems and processes can be effectively simulated with simplified, scaled 

physical centrifuge models. Viscoelastic materials used as analogues for the mid- and lower crust 

in centrifuge modelling demonstrate complex dynamic behaviour; effective viscosity alone is not 

sufficient to determine if a material will be an effective analogue. Strain rate strongly dictates the 

elastic and viscous response, described by the storage and loss moduli. Two series of rheological 

experiments were conducted using an oscillating parallel-plate rheometer to measure the storage 

and loss moduli and effective viscosities of several common modelling clays and silicone putties. 

Materials are characterized as linear viscoelastic and shear thinning, with behaviour indexes 

ranging from 0.03–0.25 and effective viscosities plateau at strain rates < 0.5	 	10  s-1. The 

storage modulus of one of the tested modelling clays remains dominant at low strain rates, 

rendering it effectively immobile; this material is thus suggested as an analogue for rigid cratons 

or passive continental margins. Inherently cohesive synthetic sands are suggested as suitable 

analogues for the brittle upper crust, historically not reproduced in centrifuge models. Cohesive 

sand-polymer mixes develop thrust, strike-slip, and extensional faults on simple centrifuge test 

models. Their cohesion allows them to be used in centrifuges where models are inserted vertically 

and their composition allows them to be imaged in an X-ray computed tomography scanner with 

low-energy X-rays. These new results increase accuracy in scaling analogue to prototype and 

allow for centrifuge models to simulate a broad range of crustal levels. 
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2.2 Introduction 

Centrifuge analogue modelling is an effective way to physically simulate rock 

deformation at different crustal levels and tectonic processes, especially where body forces are 

important (Ramberg, 1967; 1971; Ghosh and Ramberg, 1968; Dixon, 1975; Koyi, 1991). The 

centrifuge approach was first attempted by Bucky (1931) who simulated the effects of gravity on 

models of mines. In the 1960s and 70s, Ramberg expanded on Bucky’s experiments and modelled 

doming, folding, gravity sliding, and the extrusion of lava (Ramberg, 1967; 1971; Ghosh and 

Ramberg, 1968). The techniques developed by Ramberg were instrumental in subsequent testing 

of diapirism, fold-thrust belt evolution, continental extension (Dixon, 1975; Dixon and Summers, 

1983; 1985; Dixon and Simpson, 1987; Mulugeta, 1988; Jackson and Talbot, 1989; Dixon and 

Tirrul, 1991; Koyi, 1991; Koyi and Petersen, 1993; Koyi and Skelton, 2001; Harris and Koyi, 

2003; Corti, 2004; Corti et al., 2004; Noble and Dixon, 2011), and mid-crustal flow and 

superstructure folding (Godin et al., 2011; Harris et al., 2012a; 2012b; Yakymchuk et al., 2012). 

A centrifuge scales the body forces arising from gravity, allowing the use of more 

viscous materials and increasing intricacy and accuracy of models compared to sandbox models 

deformed at 1 g (Koyi, 1997). Scaling of dynamic (time, velocity), geometric (length), and 

rheological (density, effective viscosity) properties is achieved by scaling the gravitational stress: 

∗ ∗ ∗ ∗        (1) 

where , , and  are density, gravity, and length, respectively, and the asterisk denotes the 

dimensionless ratio between model and prototype (Ramberg, 1967; Dixon and Summers, 1985). 

The radial centrifugal force of the machine is used to simulate and scale gravity; in some 

centrifuges that have been modified for physical modelling, rather than in swinging buckets, the 

model chambers are in a fixed position in the rotor and models must be inserted vertically. In 
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these centrifuge laboratories, models must have materials that are cohesive and will not slide off 

at normal gravity while being transported and inserted, prohibiting the use of loose sand to 

simulate brittle deformation. 

Centrifuge modelling is, necessarily, a simplification of natural processes and there are 

inherent limitations. Perhaps most importantly, the rheology of rocks is dependent on a number of 

factors and is not well constrained in nature (Kirby and Kronenberg, 1987; Koyi, 1997). The 

accuracy of model results depends on the accuracy of the input data and resulting scaling 

calculations; an idealized version of the prototype or system is used to scale the dimensions, 

deformation rate, and analogue materials used for the model. Systematic scaling experiments 

have increased accuracy in centrifuge modelling (Dixon and Summers, 1985; Davy and Cobbold, 

1988), and improvements in the field of material science has led to the use of rheometers for 

classifying analogue modelling materials. The rheological behaviour of low-viscosity 

polydimethylsiloxane (PDMS) and similar silicone polymers have been described by Weijermars 

(1986b), ten Grotenhuis et al. (2002) and Boutelier et al. (2008). Silicone bouncing putties, which 

similar composition but higher viscosity than silicone polymers, and modelling clays have not yet 

been properly classified, as past studies (e.g. McClay, 1976; Dixon and Summers, 1985; 

Weijermars, 1986; Hailemariam and Mulugeta, 1998; Zulauf and Zulauf, 2004) did not consider 

important additional rheological parameters, including the shear modulus and linear 

viscoelasticity. There is a disconnect in current rheological classifications of analogue materials 

used in centrifuge modelling due to different techniques and a lack of consideration of important 

parameters that influence the behaviour of viscoelastic materials.  



 

 

 

25

This study involves rheological classification of viscoelastic materials, and qualitative 

testing of new materials to be used as analogues for the brittle upper crust in an effort to address 

the following goals: 

(1) Increase scaling, and therefore model, accuracy by classifying the rheological 

characteristics of viscoelastic materials used as analogues for the semi-ductile 

and ductile mid- and lower crust. 

(2) Find a naturally cohesive material that can be used as an analogue for the 

brittle upper crust on models inserted vertically into a centrifuge chamber, 

allowing models to represent a complete crustal section. 

2.2.1 Viscoelastic materials 

Viscoelastic materials such as silicone putty, modelling clay, polydimethylsiloxane 

(PDMS), and mixes of each are used in centrifuge modelling to simulate strain rate dependent 

deformation. They behave as both fluid and solid depending on the magnitude and rate of strain, 

and consequently their physical properties are difficult to classify (Barnes et al., 1989). Previous 

assessments of rheological properties of common modelling materials were conducted with 

capillary, cone and plate, and parallel plate rheometers (McClay, 1976; Dixon and Summers, 

1985; Weijermars, 1986a,b; Weijermars and Schmeling, 1986; Hailemariam and Mulugeta, 1998; 

ten Grotenhuis et al., 2002; Zulauf and Zulauf, 2004; Boutelier et al., 2008). 

McClay (1976) performed plane-strain compression tests at a constant strain rate on two 

different types of Plasticine® and concluded that they exhibit complex shear thinning behaviour 

with effective viscosities between 108 – 109 Pa  s at 10-4 s-1. Dixon and Summers (1985) designed 

an annular shear apparatus to perform a creep test to obtain effective viscosity data for silicone 

putty. The study characterizes the Dow Corning® silicone putties as power-law at low strain rates 
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and Newtonian at high strain rates. Weijermars (1986a) performed measurements of effective 

viscosity for silicone bouncing putties, Plasticine®, PDMS, and polyborondimethylsiloxane 

(PBDMS, a silicone polymer) using Couette (concentric-cylinder), Stokes (falling-ball), capillary, 

and Weissenberg cone and plate rheometers. Weijermars reported changes in viscosity with strain 

rate, and observed that filled polymers do not return to Newtonian flow at low strain rate. In a 

complimentary study, Weijermars (1986b) examined laminar flow in a synthetic polymer 

(SGM36, similar to PDMS) and found it to have a Newtonian viscosity at strain rates below 10-3 

s-1. Weijermars and Schmeling (1986) compared rock flow curves to dynamically scaled high 

viscosity modelling materials and found that a Newtonian subregion exists for rocks and analogue 

materials under low strain rates in a centrifuge; under these conditions, dynamic similarity 

between model and prototype requires scaling of geometry, density, and effective viscosity. 

Hailemariam and Mulugeta (1998) used a capillary viscometer to classify the behaviour of two 

silicone putties and found that, similar to Dixon and Summers (1985), the power-law model is not 

adequate to describe low temperature (<40° C) deformation of the materials. They conclude that 

there must be a different rate-controlling process and suggest evaluation of silicone putties with 

models other than the steady state equation. Zulauf and Zulauf (2004) performed uniaxial 

compression tests on several different types of Plasticine® to measure yield strength, effective 

viscosity, and the effect of temperature and added fillers. Effective viscosities at room 

temperature (25° C) ranged from 105–107 Pa  s at 10-3 s-1 and it was concluded that Plasticine® 

could only be used as a ductile rock analogue at strain rates below 10-3 s-1.  

These past studies consider effective viscosity without taking into account other 

rheological quantities that may influence the behaviour of the materials (Nelson and Dealy, 

1993). One such quantity is the shear modulus ( ∗), which is composed of the storage, or elastic, 
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modulus ( ′) and the loss, or viscous, modulus ( ′′), and is used to describe the response of a 

material to an applied shear stress (Barnes et al., 1989). The storage modulus relates elastic stress 

to shear strain and the loss modulus relates viscous stress to shear strain. The shear modulus is 

used in rheology to determine the shear strain amplitude at which a material reaches equilibrium: 

the storage and loss moduli become constant, and the mechanical properties are not dependent on 

shear strain (Kumaran, 2010). In this state, materials are termed linear viscoelastic and this is the 

shear strain amplitude at which further experiments will take place to ensure the material is 

responding strictly to shear strain rate rather than magnitude (discussed further in 2.3.1.1).  

Studies by ten Grotenhuis et al. (2002) and Boutelier et al. (2008) do consider these 

additional parameters, using parallel-plate rheometers to measure dynamic properties of PDMS 

and similar silicones with various fillers. Both studies evaluate several different rheological 

properties, including linear viscoelasticity, shear modulus, and effective viscosity of silicones 

with and without fillers at a range of shear rates. The study by ten Grotenhuis et al. (2002) 

demonstrates that low-viscosity silicones behave as Newtonian fluids at low strain rates and can 

be used to model viscous deformation at strain rates < 10-1 s-1. The study concludes that 

measurements of viscosity alone are not sufficient to classify complex mechanical behaviours of 

viscoelastic materials and other parameters must be considered to determine suitability for use as 

a specific analogue. The study by Boutelier et al. (2008) also finds that silicone-based analogue 

materials behave as Newtonian viscous fluids low strain rates and the elastic component is 

negligible. Both studies only assess low-viscosity silicones (e.g. PDMS) and do not evaluate 

higher-viscosity analogue materials such as modelling clay and high-viscosity silicone putty 

(termed ‘silicone bouncing putty’). 
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The study presented in this chapter uses a parallel-plate rheometer to quantify the 

mechanical behaviour of modelling clays and silicone bouncing putties at the low strain rates (ca. 

10  s-1) that models in this study were exposed to during deformation in the centrifuge. Average 

strain rate for this study is based on the change of length (∆ ) relative to initial length ( ) and 

total deformation time ( ) using the equation: 

∆
       (2) 

Two rheological tests, a strain sweep and a frequency sweep, are conducted to determine 

linear viscoelasticity, shear modulus, and effective viscosity of various materials commonly used 

in centrifuge analogue modelling: Plasticine®, Giotto Pongo modelling clay, Demco® modelling 

clay, Chavant™ Y2 Klay modelling clay, Dow Corning® Dilatant Compound 3179, and Crazy 

Aaron’s Thinking Putty™. 

2.2.2 Brittle materials 

 Simulating brittle upper crust deformation with centrifuge models is challenging because 

of scaling requirements and experimental set-up. Some large-scale centrifuges have been 

modified to allow horizontal insertion of the models in chambers that swing to a vertical position 

as the rotor begins to spin (Noble and Dixon, 2011); in others, model chambers are in a fixed 

position in the rotor and models must be inserted vertically. Fixed chambers require cohesive 

layers that will not slide off at normal gravity while being inserted. Most analogue materials 

simulating brittle behaviour lack sufficient cohesion to remain in place when tilted vertically. 

Quartz sand is commonly used in 1 g (i.e. normal gravity) modelling (Malavieille, 1984; Colletta 

et al., 1991; Buchanan and McClay, 1992; McClay and Buchanan, 1992; Gutscher et al., 1996; 

Lohrmann et al., 2003; Graveleau and Dominguez, 2008; Malavieille and Trullenque, 2009; 

Malavieille, 2010; Graveleau et al., 2012; Cavozzi et al., 2014; Tong et al., 2014) but is difficult 
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to employ in centrifuge modelling due to lack of cohesion and high density in comparison to 

ductile materials used to simulate the mid- and lower crust. Density scaling is critical in 

centrifuge modelling because of increased g-force acceleration; quartz sand has a high density 

(1500 – 2500 kg/m3) compared to ductile materials typically used as mid- and lower crust 

analogues and could create Rayleigh Taylor instabilities (i.e. ascending diapirs; density of upper 

brittle layer ≫ density of underlying layers). Reducing the bulk density is possible with hollow 

glass, siliceous, or aluminum micro beads, sometimes used in 1 g modelling (Schellart, 2000; 

Rossi and Storti, 2003). However, these low-density, hollow spheres may collapse under the 

increased body forces of the centrifuge. Additionally, normal gravity tests of these fillers report 

negligible or very low cohesion (Schellart, 2000; Rossi and Storti, 2003), increasing the difficulty 

of maintaining layer-parallel thickness during construction or tilting. 

Semi-brittle materials have been used in several studies to simulate the brittle upper crust 

(e.g. Dixon and Simpson, 1987; Mulugeta, 1988; Koyi and Petersen, 1993; Koyi and Skelton, 

2001; Harris and Koyi, 2003; Corti, 2004). Dixon and Simpson (1987) mixed paraffin wax with 

Vaseline® to model a cover sequence over a laccolith intrusion. The mixture was intended as a 

brittle cap to contain the laccolith rather than a brittle sedimentary layer, and as such did not 

develop shear structures or faults. The wax layers were not tested in extension or compression, as 

the laccolith intrusion was initiated by density contrast alone. Mulugeta (1988) used damp sand 

alone and over a silicone putty substrate to simulate brittle deformation during compression. The 

damp sand remained cohesive enough to be tilted vertically, but the high density caused box folds 

and diapirism of the silicone putty instead of true brittle structures. The study notes that, if 

properly scaled to reflect density distribution of a prototype system, the sand could simulate a 
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semi-brittle cover sequence. Based on other materials used in centrifuge modelling, damp quartz 

sand is too dense unless diapirism is the intended result. 

Koyi and Petersen (1993) modelled salt diapirs in an extensional basin using a silicone 

similar to PDMS overlain by sand mixed with paraffin oil and gypsum mixed with paraffin oil to 

simulate overburden layers of clastic and carbonate sediments. The density gradient between the 

overburden layers and the silicone source layer allowed diapirs to form and migrate. The sand-oil 

and gypsum-oil layers were cohesive and developed open tensile fractures and shears in 

extension. 

Harris and Koyi (2003) used plastilina (a modelling clay similar to Plasticine®) mixed 

with Canderel (fine-grained maltodextrin and aspartame powder used to decrease density) to 

simulate semi-brittle upper-crustal layers during rifting. The material formed open tensile 

fractures instead of normal faults. Koyi and Skelton (2001) expanded on this study and used 

plastilina mixed with aspartame powder as a semi-brittle cover sequence overlying a silicone-

modelling clay mixture substrate to simulate detachment faults in extension. All faults were pre-

cut, and the effects of layer thickness and density contrast were documented. The material 

behaviour under compression, shear stress, and as a uniform brittle layer was not constrained. 

Corti (2004) soaked quartz sand in paraffin oil (to increase cohesion) as a brittle upper-

crust analogue in models of continental rift structure development. The sand-oil mixture appears 

to form graben and oblique shear faults in extension. The paraffin oil used to enhance cohesion 

seems to prohibit the formation of fine-detail structures. The scale of the faults and shear 

structures visible on the surface of the models is > 15 km (based on model scaling of 1cm = 18 

km), limiting the ability to model small structures and observe potential localized effects of 

underlying features. 
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This study seeks to find and document a brittle upper-crust analogue material for use in 

future centrifuge modelling experiments that: 

(i) is cohesive enough to remain in place on a model inserted vertically into a 

fixed (i.e. not swinging) centrifuge chamber, 

(ii) has a density close to or less than that of materials used as mid- to low-crust 

analogues (silicone putties and modelling clays), and 

(iii) has the ability to develop normal, thrust, and strike-slip faults in compression 

and extension at all scales. 

2.2.3 Computed tomography scanning 

Computed tomography (CT) scanning is an important way to three-dimensionally image 

physical models without cutting into them and potentially influencing later deformation (Schreurs 

et al., 2003; Harris et al., 2012b). CT scanning generates cross-sectional slices through a model 

allowing analysis of its 3D geometry and kinematics without damaging the structural integrity of 

the model. Individual layers are imaged based on the variation of X-ray attenuation (called the 

attenuation coefficient, ), which is a function of the material density, atomic numbers of the 

constituents, and thickness (Schreurs et al., 2003). Rheologically stratified physical models 

typically have minor material density (kg/m3) and radiodensity (Hounsfield units, HU) variation 

(Poulin, 2008); to properly image the model, layers must have attenuation coefficients that are 

different enough to show as distinct layers, but close enough to be imaged by X-rays of the same 

energy level (Schreurs et al., 2003). Because of the similarity in attenuation coefficients, a high-

resolution image is needed to differentiate between layers and to observe deformation. 

Maintaining this high-resolution requires low-energy X-ray beams (Ketcham and Carlson, 2001). 
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Petroleum products, especially petroleum-based waxes, may have a high X-ray 

attenuation coefficient; low-energy X-ray beams are attenuated (scattered and absorbed) quickly 

as they pass through them. To image petroleum products, higher-energy x-rays are needed, which 

lowers the overall resolution of the scan (Ketcham and Carlson, 2001). Modelling clays, PDMS, 

and silicone putties currently used as mid- to low-crust analogues do not contain significant 

amounts of petroleum-based products and have been imaged successfully with a CT scanner 

(Schreurs et al., 2003; Harris et al., 2012a; 2012b; Yakymchuk et al., 2012). The upper-crust 

analogue materials that have been successful in developing true brittle structures in past studies 

contain paraffin wax or oil (Koyi and Petersen, 1993; Corti et al., 2004), rendering them 

potentially less effective for models intending to be imagined with a CT scanner. The final goal 

of this study is to find an effective, petroleum-free brittle upper crust analogue material that can 

be imaged with a CT scanner. 

2.3 Material structure and deformation 

2.3.1 Viscoelastic materials 

The rheological properties of six mid- to lower-crust analogue materials were analysed: 

Plasticine®, Giotto Pongo modelling clay, Demco® modelling clay, Dow Corning® Dilatant 

Compound 3179, Crazy Aaron’s Thinking Putty™, and Chavant™ Y2 Klay modelling clay. 

Densities were measured using a Grabner Instruments MINIDENS portable density meter; 

composition, colour, density, and intended prototype for each are listed in Table 2.1. 

In material science, substances are broadly classified into three categories of rheological 

behaviour: elastic materials, viscous materials, and viscoelastic materials. Elastic mechanical 

behaviour and viscous mechanical behaviour in their ideal form are rare but easy to quantify. 
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Table 2.1 

Viscoelastic materials (and colours) tested in the APA 2000 rheometer, the composition, 
measured density, and intended prototype.  Note that exact material compositions are proprietary 
blends and kept secret. 

Analogue material 
(and colour) 

Composition 
 

Density 
(kg/m3) 

Intended prototype 

 

Plasticine® 

(white, black) 

 
 
 
Petroleum and/or mineral wax 
and jelly, calcium salts, 
inorganic fillers, and/or 
aliphatic acids 

 

1700 
 

Competent ductile crust 
e.g. quartzite, carbonates 

Giotto Pongo 
Modelling Clay 
(GP) 
(green, yellow) 

1980 Competent semi-ductile crust
e.g. quartzite, carbonates 

Demco® Modelling 
Clay (DMC) 
(green, brown) 

1625 Competent ductile crust 
e.g. impure quartzite or marls

 

Dow Corning® 
Dilatant Compound  
3179 (DC-3179) 
(peach) 

 

Dimethyl siloxane, boric acid, 
crystalline silica, 
polydimethylsiloxane, 
glycerine, titanium dioxide 

 

1177 
 

Weak ductile crust 
e.g. shale 

 

Crazy Aaron’s 
Thinking Putty™  
(CATP) 
(amethyst, cyan, 
silver) 

 

Polydimethylsiloxane, boric 
acid, glycerine, oleic acid, 
amorphous silica 

 

1068 

 

Melt-weakened lower crust 

 

Chavant™ Y2 Klay 
Modelling  
Clay (Y2K)  
(light brown, dark 
brown) 
 

 

Oils, waxes, clay minerals  
 

1097 
 

Competent rigid basement 
e.g. Precambrian gneiss  
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The theory of elasticity accounts for materials with the capacity to store mechanical 

energy with no dissipation, or loss, of the energy. Conversely, a Newtonian viscous fluid has the 

capacity to dissipate energy but none to store it, assuming it is in a non-hydrostatic stress state 

(Barnes et al., 1989). Materials outside the scope of these two theories exhibit qualities of both 

and are common but difficult to quantify. These materials, termed viscoelastic, have the capacity 

to store and dissipate mechanical energy, and do so relative to strain rate (Christensen, 1982). 

Elastic, viscous, and viscoelastic materials can be compared in relation to their response 

to an applied shear stress. When shear stress ( , defined as force per unit area required to produce 

deformation) is applied to the surface of an ideal elastic material, the material responds 

instantaneously and deforms. Once the deformed state is reached there is no further movement, 

but the deformed state persists as long as the stress is applied. When shear stress is applied to an 

ideal Newtonian viscous fluid, a steady flow process is observed in the fluid. Viscoelastic 

materials, when subject to an applied shear stress, experience instantaneous deformation followed 

by a flow process which may vary in magnitude with time (Christensen, 1982). 

The distinctions discussed above apply to simple unidirectional shearing; in this study, 

experiments were conducted using a parallel-plate rheometer, which uses an oscillatory shear 

flow model. In an oscillatory shear environment the shear strain ( ) varies sinusoidally with time: 

        (3) 

where  is the shear strain amplitude, and  is the frequency of applied shear strain (Chhabra, 

2010). For an ideal elastic material, the shear stress ( ) is related linearly to shear strain: 

       (4) 

where  is the Young’s modulus, or storage modulus, of the material (Chhabra, 2010). For an 

ideal Newtonian fluid, the shear stress is related to the rate of shear strain ( ): 
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   (5) 

where  is the effective viscosity of the material (Chhabra, 2010). In this case, the shear stress is 

out of phase by  from the resulting shear strain. This is termed the phase angle ( ), and it can 

vary between zero for a material with a purely elastic response, and  for a material with a 

purely viscous response (Chhabra, 2010). This provides a convenient measure of viscoelasticity 

of a material: the higher the phase shift angle, the closer the material behaviour is to purely 

viscous (Figure 2.1). 

Properties of viscoelastic materials can be strain-independent (linear) or strain-dependent 

(non-linear). A material is termed linear viscoelastic when it remains in a steady state during 

testing and the rheological properties are not influenced by the conditions of testing; conversely, a 

material is termed non-linear viscoelastic when the material structure changes as a result of 

testing conditions (Kumaran, 2010). Materials can be linear viscoelastic at low strain rates and 

non-linear viscoelastic and high strain rates, or visa versa (ten Grotenhuis et al., 2002). 

In non-linear viscoelastic materials, an increase in deformation results in structural 

changes that influence the material properties. In this case, the shear-strain varies non-

sinusoidally with time and the storage modulus, loss modulus, and phase shift angel become 

meaningless (Giacomin and Dealy, 1993). Non-linear viscoelastic materials require techniques of 

analysis not discussed here, as this study deals only with linear-viscoelastic materials or materials 

that are operating only in their linear-viscoelastic region. 
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Figure 2.1 

Three graphs illustrating applied sinusoidal strain (%), strain rate, and resulting stress in 
an oscillatory shear environment, such as the one applied by the parallel-plate rheometer 
used in this study. (a) Elastic behaviour; shear stress is in phase with applied shear strain 
and the phase shift angle (δ) is zero. (b) Newtonian viscous behaviour; shear stress out of 
phase with applied shear strain and the phase shift angle is π/2. (c) Viscoelastic 
behaviour; shear stress is out of phase with applied shear strain and strain rate by 0 < δ < 
π/2 (after ten Grotenhuis et al., 2002; Chhabra, 2010). 
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2.3.1.1 Linear viscoelasticity 

Linear viscoelastic material properties are described using the complex shear modulus 

( ∗), which is a quantification of the overall resistance to deformation of a material. It is 

composed of the elastic modulus ( ) and the viscous modulus ( ) related by the equation: 

∗         (6) 

where √ 1 and represents the imaginary unit number (Barnes et al., 1989). The shear 

modulus is similar to Young’s modulus, but instead of describing the response of a material to 

linear stress it describes the response of a material to shear stress. Linear viscoelastic materials 

will display proportional magnitudes of storage and loss moduli. These moduli together are 

related to the applied shear stress ( , in Pascal), the shear strain (γ, dimensionless), and the phase 

shift angle (δ, in degrees from 0 – 90) in the equations (Ferry, 1980): 

	

	
cos	         (7) 

′
	

	
sin	         (8) 

With these distinctions, and the understanding that this study is working with linear 

viscoelastic substances, a parallel-plate rheometer was used to measure two properties of each 

analogue material: the complex shear modulus ( ∗), and the effective viscosity ( ). 

2.3.2 Upper crust analogue materials 

Seven materials were qualitatively tested to determine their suitability to simulate upper 

crustal structures: Moon Sand™, Deltasand™, Moon Dough™, Padico lightweight oil clay, 

Padico Hearty® ultra lightweight modelling clay, Fun Dough™, and Play Doh®. Additionally, 

several material mixes were tested: Moon Dough™ was mixed with the two sands to decrease 

density, the two sands were mixed together in different proportions, and Hearty® modelling clay 
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was mixed with Moon Sand™. The densities of all materials were measured using a Grabner 

Instruments MINIDENS portable density meter; composition, material structure, colour, density, 

and intended prototype for each are listed in Table 2.2. 

The intended use of these materials is as an uppermost layer in centrifuge analogue 

models, representing the top 0 – 15 km of a continental crust prototype. The material needs to 

deform in a purely brittle manner and develop normal and thrust faults with or without an oblique 

component. For this reason, the effective viscosity is not meaningful and the materials were not 

tested in the parallel-plate rheometer.  

Two independent series of tests were completed in this study; the first series used a 

rheometer to classify the physical properties of the viscoelastic materials, and the second series 

qualitatively tested the behaviour of the potential brittle upper crust materials on centrifuge 

analogue models. The chapter is formatted accordingly: rheological experiment methods and 

results are discussed followed by the brittle material experiment methods and results. 

2.4 Rheological experiments 

Dynamic mechanical measurements of mid- to lower-crust rock analogue materials 

(Table 2.1) quantified the storage and loss moduli and effective viscosity using an Alpha 

Technologies Advanced Polymer Analyzer (APA) 2000 in the Department of Chemical 

Engineering at Queen’s University, Kingston, Ontario (Figure 2.2). The APA 2000 is a 

temperature-controlled, oscillating parallel-plate rheometer with two permanent, flat plates 

(Figure 2.2a,b). The lower plate applies sinusoidal shear stresses on the material as it turns 

relative to the upper, stationary plate. The upper plate has a sensitive torque and pressure 

transducer that measures the stress applied to the sample by the bottom plate (Figure 2.2b). 
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Table 2.2 

Brittle materials (and colours) tested using simple centrifuge models, the composition, material 
structure under microscope, measured density, and intended prototype.  Note that exact material 
compositions are proprietary blends and kept secret.  For images of the materials under 
microscope, see Figure 2.8. 

Analogue 
material (colour) 

Composition 
 

Material Structure 
(Images: Figure 2.8) 

Density  
(kg/m3) 

Intended 
prototype 

 
Moon Sand™ 

(blue, red, 
purple, yellow) 

 

Processed silica grains 
(Moon Sand™) or 
lightweight micro beads 
(potentially E-Spheres®; 
Deltasand™) mixed 
with a binder composed 
of a hydroxyl-
terminated polymer 
cross-linked by a boron 
compound (silicon oil). 
 

 

0.2 – 0.3 mm sized 
euhedral grains with 
visible crystal faces; no 
visible binding agent 
around grains. 

 
1521 

Brittle 
upper 
crust; 
lithified 
sandstone, 
siltstone, 
limestone, 
etc. 
 
 

  

 
Deltasand™ 
(white) 

 

0.1 – 0.4 mm sized 
spheres that appear to be 
hollow; no visible 
binding agent around 
grains. 

 
600 

 
Moon Dough™ 
(pink) 

Lightweight filler 
particles (unknown 
composition) coated 
with a binder of 
hydroxyl-terminated 
polymer cross-linked by 
a boron compound 
(silicon oil). 

0.05 – 0.2 mm sized 
transparent spheres that 
appear to be hollow; 
amorphous material 
visible around grains. 

 
435 

Padico Co. Ltd. 
Lightweight Oil 
Clay (beige) 

 
 
 
Synthetic resin hollow 
microspheres, polyvinyl 
alcohol, vinyl acetate 
resin, water. 

0.2 mm sized 
translucent, hollow 
spheres surrounded by a 
viscous oily binder. 

 
945 

Padico Co. Ltd. 
Hearty® Ultra 
lightweight 
modelling clay 
(red) 

0.05 mm sized euhedral 
grains and spheres 
surrounded by an 
amorphous viscous 
binder. 

 
210 

 
Fun Dough™ 
(yellow) 

 

Water, wheat flour, salt, 
calcium chloride, white 
petrolatum, 
preservatives. 

 

Some < 0.05 mm sized 
flakes visible in uniform 
structure-less matrix 
(perhaps salt). 

 
1593 

 
Play Doh® 

(blue) 

 

Water, wheat flour, salt, 
borax, amylopectin, 
aluminum sulfate, 
petroleum additive.  

 

Effectively structure-
less, some darker blue 
flakes visible (perhaps 
colouring). 

 
1280 
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Figure 2.2 

All rheology tests in this study were run in the Department of Chemical Engineering at Queen’s 
University in Kingston, Ontario. (a) The Advanced Polymer Analyzer (APA) 2000 is a parallel-
plate rheometer developed by Alpha Technologies, a business unit of Dynisco LLC. It uses 
oscillating parallel plates to shear materials under varying shear strain rates or shear stresses at 
a specified temperature. In this study, it was used for a strain sweep and a frequency sweep, as 
described in the text. (b) A schematic diagram of the components of the rheometer; the lower 
plate oscillates at a specified rate or range of rates and strain amplitude or range of amplitudes 
while the upper plate continually records data. (c) Samples are weighed and placed between 
two sheets of 48 μm Dartek® Nylon Film to protect the plates of the rheometer and seal the 
sample. (d) The prepared sample is placed on the lower plate and the machine automatically 
lowers the upper plate into place to begin the measurements. (e) A completed sample shows the 
seal and impressions of the upper plate. 
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Twelve samples of six different materials were analysed. Several colours of each material 

were sampled, where possible, to identify differences in rheology due to dye additives and to 

ensure repeatability of results (Table 2.1). The dynamic moduli and effective viscosity of each 

sample was measured with two tests: a strain sweep at constant frequency, and a frequency sweep 

at constant strain amplitude. 

2.4.1 Rheology methods 

Each sample is weighed (5 – 9 g depending on the density of material), placed between 

two sheets of 48 μm thick Dartek® Nylon Film, and inserted on the lower plate of the rheometer 

(Figure 2.2c,d). During the experiment the sample is sealed between the two sheets of nylon when 

the plates come together to limit lateral movement (Figure 2.2e). Tests in this study run for 15 – 

30 minutes depending on the parameters specified and the material property being measured, 

discussed in sections 2.4.1.1 and 2.4.1.2. All experiments were run at 25° C to approximate room 

temperature in a centrifuge lab where models would be deformed at ca. 20–30° C. 

2.4.1.1 Strain sweep 

Samples were first analysed with a strain sweep experiment, whereby the strain rate 

remains constant while the shear strain amplitude varies in steps over a predetermined range. The 

purpose of the strain sweep is to determine the linear viscoelastic region for each material (Figure 

2.3a); the sample is considered at equilibrium in this region and it is the shear strain amplitude at 

which subsequent experiments are run (Deshpande, 2010; Kumaran, 2010).  

The strain sweep maintained a constant frequency of 1.0 Hz. Frequency ( ) is used in the 

rheometer because the rotation of the lower plate is measured in cycles per second relative to the 

upper plate. Frequency was converted to rad/s ( ), considered equivalent to the strain rate ( , in 

s-1), using the conversion 2 .  
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Figure 2.3 

Schematic diagrams illustrating generalized viscoelastic material behaviour. (a) Log shear 
modulus (G*) vs. log strain amplitude (γ) plot. The curve shows the general, idealized path of 
a viscoelastic material and the limits of its linear viscoelastic region (LVR). The LVR 
indicates that the storage and loss moduli are independent of the strain amplitude and the 
mechanical properties are not changing with strain (Deshpande, 2010). This plateau is found 
using a strain amplitude sweep; the strain rate is maintained while the strain amplitude 
increases incrementally until the LVR is found; subsequent tests are run at this strain rate.  
(b) Log viscosity (η) vs. log strain rate ( ) plot. The curve shows the general, idealized path 
of a viscoelastic material and the limits of its lower and upper Newtonian regions. These 
plateaus show the lower and upper strain rates at which the effective viscosity of the material 
is constant (Steffe, 1996). The region between the two plateaus demonstrates where the 
material exhibits power-law behavior. 
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The lower viscosity silicone putties were tested with shear strain varying from 1–50% 

(0.07–3.57 degrees of arc) and the higher viscosity Plasticine® and modelling clays from 0.25–

50% (0.02– 3.57 degrees of arc). 

2.4.1.2 Frequency sweep 

A frequency sweep experiment was run following the strain sweep experiment, whereby 

the shear strain amplitude (in % strain relative to initial position) is held constant by the 

rheometer while the frequency is varied in steps over a specified range. The purpose of the 

frequency sweep is to determine the effective viscosity of each material relative to strain rate. In 

this study, the shear strain was held at the amplitude determined by the strain sweep to maintain 

linear viscoelasticity for each material while the frequency (proxy for strain rate) varied from 

0.1–10 Hz (0.63–62.83 s-1). Effective viscosity is measured by the APA 2000 in poise, and was 

converted into Pascal-seconds (Pa  s) for each data point using the conversion 1 P = 0.1 Pa  s. 

Materials tested in this study exhibit shear-thinning behaviour as viscosity decreases with 

increasing strain rate. At very low strain rates the effective viscosity is constant; at very high 

strain rates the effective viscosity is also constant, but lower (Figure 2.3b; Barnes et al., 1989; 

Steffe, 1996). The two domains of contrasting yet constant effective viscosity are referred to as 

the lower and upper Newtonian regions, respectively. Between these two end-members, materials 

exhibit power-law behaviour according to the equation: 

        (9) 

where  is the effective viscosity,  is the consistency index (a constant),  is the strain rate, and 

 is the power-law index (Ostwald, 1929). Silicone bouncing putties have a complex shear-

thinning and shear-thickening behaviour depending on the strain rate threshold. At a range of low 

strain rates, the viscous modulus dominates resulting in shear thinning. As strain rate increases, 
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the bouncing putties become shear thickened and the elastic modulus dominates. For this study, 

we remained in the low strain rate, shear-thinning range and therefore have considered the two 

silicone putties (Dow Corning® 3179 and Crazy Aaron’s Thinking Putty™; Table 2.1) to be shear 

thinning. 

2.4.1.3 Mathematical extrapolation: the Cross Model 

The lowest frequency (proxy for strain rate) that the APA 2000 is capable of subjecting a 

sample to is 0.1 Hz (0.63 s-1). Because centrifuge analogue models in this study are deformed at 

much lower strain rates of ca. 5.0	 	10  s-1, data were extrapolated with the mathematical 

Cross Model (Cross, 1965) to lower strain rates to determine the effective viscosity applicable to 

centrifuge modelling. Using a mathematical model to extrapolate data beyond the capability of a 

rheometer is a common and widely accepted practice in material sciences (Cross, 1965; Barnes 

and Walters, 1985; Barnes et al., 1989; da Silva J A et al., 1992; Alves et al., 2001; Oblonšek et 

al., 2003; Ancey, 2005; Sittikijyothin et al., 2005; Garakani et al., 2011).  

The Cross Model is used to describe and extrapolate the low strain rate behaviour of a 

shear-thinning material (Barnes and Walters, 1985). The model uses four parameters to predict 

the shape of the general flow curve of data with the equation: 

        (10) 

where  is the effective viscosity (in Pa  s),  is the zero shear-rate viscosity (obtained from the 

lower Newtonian region, in Pa  s),  is the relaxation time (the inverse of the strain rate at which 

the material changes from Newtonian to power-law behaviour, in s),  is the strain rate (in s-1), 

and  is the dimensionless flow behaviour, or power-law, index (Cross, 1965). The value of the 

flow behaviour index determines the class of the material. When 1 the material is 
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Newtonian, when 1 the material is shear thickening (dilatant), and when 1 the material 

is shear-thinning (pseudoplastic; Barnes et al., 1989).  

To use the model, measured values for shear rate and effective viscosity for each 

material, obtained from the frequency sweep, are entered into a spreadsheet along with the 

desired shear rate extrapolations (for this study, 6.28 10 –6.28 10  s-1). Three variable 

parameters of the Cross equation (viscosity, relaxation time, and flow behaviour index) are 

estimated based on the measured effective viscosities and shear rates. These estimates allow for 

calculation of the Cross Model predicted effective viscosity at the measured shear rates. The 

differences between the Cross Model predicted effective viscosities ( ) and the measured 

experimental effective viscosity ( ) is then calculated using: 

∆        (11) 

Once the differences are calculated, the Solver function in Excel is used to minimize the sum of 

errors of the differences by changing the values of the three variable parameters listed above ( , 

, and ). Using these final values, the effective viscosity is calculated for each chosen 

extrapolation shear rate (e.g. 6.28 10 –6.28 10  s-1 for this study) using the Cross Model 

equation (Equation 10; Figure 2.4). 

The Cross Model enables the extrapolation of the data to low strain rates beyond the 

capability of the rheometer and permits the assessment of the suitability of the materials for 

simulating the behaviour of mid- to low-crust rocks. 
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Shear rate (1/s) Shear Viscosity (Pa-s) Cross model prediction  e p
2

0.000628319 15705.47175
0.006283185 15689.47134
0.062831853 15599.34765
0.628318531 15107.23115
1.256637061 14580 14720.4256 9.1878E-05
1.884955592 13930 14396.64532 0.001085731
2.513274123 13830 14111.24625 0.000405295
3.141592654 13800 13853.21451 1.48126E-05
3.769911184 13370 13616.29216 0.000333195
4.398229715 13300 13396.44546 5.2206E-05
5.026548246 13480 13190.86047 0.000470148
5.654866776 12880 12997.46441 8.24205E-05
6.283185307 12780 12814.66837 7.33886E-06
18.84955592 10750 10355.89844 0.001394985
31.41592654 9244 8927.349602 0.001214881
50.26548246 7545 7543.162256 5.93413E-08
62.83185307 6647 6887.477357 0.001263039

1. EXPERIMENTAL DATA (SHEAR RATE AND SHEAR VISCOSITY) 

Cross Model parameters
Zero shear viscosity 15708.90
Relaxation time 0.02
Shear thinning index (1-n) k 0.75
Flow behaviour n 0.25

2. INITIAL ESTIMATES FOR THE CROSS MODEL PARAMETERS (    ,   , and k),

0.006415989

3. THE SUM OF ERRORS CELL  IS MINIMIZED BY VARYING THE CROSS MODEL 
PARAMETERS (USING THE SOLVER FUNCTION IN EXCEL)

SUM OF ERRORS
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Figure 2.4 

Cross Model sample for Crazy Aaron’s Thinking Putty™ (CATP), Amethyst colour. (a) The 
data table shows the three steps taken for extrapolation of data points: entering experimental 
(measured) data, entering estimates for the three parameters of the Cross Model, and using 
the Solver function in Excel to minimize the sum of errors between the experimental data and 
the Cross Model prediction (using Equation 10 in section 2.4.1.3).  Minimizing the sum of 
errors changes the values for the three parameters, and using these final values the 
extrapolated shear viscosity is calculated. (b) Graph of effective viscosity (η) against strain 
rate (γ) on a log-log plot showing the measured data (boxes) and the Cross Model 
extrapolation (dashed line). For the compiled Cross Model plots of all materials measured in 
this study, see Figure 2.5. See Appendix A for all data tables. 
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2.4.2 Rheology results 

2.4.2.1 Strain sweep results 

Results of constant strain rate measurements of the flow properties of the six types of 

material are presented as a shear modulus ( ∗) vs. strain amplitude ( ) log-log plot (Figure 2.5). 

The plot was used to find the slope break that represents the linear viscoelastic region of each 

material (Figure 2.3a). Sample colour did not affect the strain amplitude at which each material 

reached its linear viscoelastic region; therefore, only one line is shown for each type of material 

(for results of all samples, see Appendix A). Each line represents a best fit for all colours tested.  

Figure 2.5 shows that the silicone putties reach linear viscoelasticity at ca. 5% (0.36°) 

strain. The more viscous Plasticine® and modelling clays do not reach linear viscoelasticity until 

much lower, at ca. 0.5% (0.04°) strain. The minimum strain the APA 2000 is capable of is 0.25%. 

The strain is not low enough for the high viscosity materials to completely reach linear 

viscoelasticity; based on the decrease in slope at lower strain amplitudes, the points entering this 

region (at 0.5% strain) are chosen to represent the linear viscoelastic region. 

2.4.2.2 Frequency sweep results 

The frequency sweep was run following the strain sweep. The rheometer maintained a 

constant shear strain of 0.5% (0.04°) for the modelling clays and Plasticine® and 5% (0.36°) for 

the silicone putties to ensure the materials were being tested in their linear viscoelastic regions. 

Results of the frequency sweep tests of the six materials are presented as an effective viscosity ( ) 

vs. strain rate ( ) log-log plot (Figure 2.6). Sample colour had a minor impact on the effective 

viscosity of each material type, and only representative lines of one or two colours are shown for 

each type of material (for results of all samples, see Appendix A). 
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Figure 2.5 

Results of the strain sweep tests of six viscoelastic materials are shown on a log-log plot.  
Change in shear modulus (G*) is plotted against strain amplitude (γ). Grey boxes represent the 
range of strain amplitudes over which the materials entered the linear viscoelastic region and 
storage and loss moduli (G' and G'', respectively) were independent of the strain amplitude. One 
line is shown for each type of material, as colour did not have an effect on the strain amplitude 
at which the linear viscoelastic region was reached. Oscillation frequency of the APA 2000 was 
maintained at 1.0 Hz (6.28 s-1) for all tests, and strain amplitude ranged from 1 - 50% (0.07 - 
3.57 degrees of an arc) for silicon putties (DC-3179 and CATP) and 0.25 - 50% (0.02 - 3.57 
degrees of an arc) for the more viscous modelling clays (Y2K, DMC, GP, and PLST). Y2K: 
Chavant™ Y2 Klay modelling clay; DMC: Demco® modelling clay; GP: Giotto Pongo 
modelling clay; DC-3179: Dow Corning® Dilatant Compound 3179; PLST: Plasticine®; CATP: 
Crazy Aaron’s Thinking Putty™. 
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Figure 2.6 

Results of the frequency sweep tests of six viscoelastic materials are shown on a log-log plot. 
Change in effective viscosity (η) is plotted against strain rate ( ). Measured data points are 
extrapolated using the Cross Model for non-Newtonian fluids, represented by the dashed lines; 
see section 2.4.1.3 for more information on this mathematical model. The extrapolation was 
necessary because the lower strain rate limit of the APA 2000 rheometer is 0.1 Hz (0.63 s-1), and 
analogue centrifuge models are routinely exposed to strain rates several orders of magnitude 
lower. The extrapolation shows that all materials have reached their lower Newtonian region by 
ca. 0.5 x 10-2 s-1 and maintain their effective viscosity below this point, regardless of strain rate 
(Figure 2.3b and section 2.4.1.2).  The grey shaded area shows the area of constant effective 
viscosity for the materials tested. The vertical dashed line shows the approximate strain rate that 
materials would typically be subject to in a centrifuge during physical modelling (ca. 5.0 x 10-4 s-

1), well within the lower Newtonian region of all samples. Where colour had an effect, multiple 
lines are shown for different colours of each type of material. Error bars do not show on the plot 
due to scale, but values are based on the sum of errors found using the Cross Model equation 
(Equation 10; Figure 2.4), reported in Table 2.3 and range from ± 0.01 - 0.05. Y2K DB: 
Chavant™ Y2 Klay modelling clay, dark brown; Y2K LB: Chavant™ Y2 Klay modelling clay, 
light brown; DMC GR: Demco® modelling clay, green; DMC BR; Demco® modelling clay, 
brown; GP GR: Giotto Pongo modelling clay, green; DC 3179: Dow Corning® Dilatant 
Compound 3179; PLST BLK: Plasticine™, black; PLST WT: Plasticine™, white; CATP CY: 
Crazy Aaron’s Thinking Putty™, cyan; CATP AM: Crazy Aaron’s Thinking Putty™, amethyst. 
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Application of the Cross Model allows us to extrapolate the data back to the low strain 

rates used in centrifuge analogue modelling and obtain values for zero shear viscosity (η0; the 

effective viscosity at which the lower Newtonian region is reached), relaxation time (λ), and flow 

behaviour index ( ) for each material (Table 2.3). The sum of errors column shows the deviation 

of the model from the measured values, representing the calculation error for extrapolated values.  

The extrapolation reveals that all samples reach maximum effective viscosity (considered 

to be equivalent to zero shear viscosity) below a strain rate of ca. 0.5	 	10  s-1. All materials 

exhibit shear thinning, with flow behaviour indexes ranging from 0.02–0.12. 

The frequency sweep also shows that viscous behaviour dominates for all materials at 

low frequencies ( ′) and elastic behaviour dominates at high frequencies ( ′), with 

the exception of the Y2 Klay modelling clay (Figure 2.7). For modelling purposes, all 

rheologically tested materials with the exception of the Y2 Klay can be considered purely viscous 

and maintain effective viscosities as outlined above. The Y2 Klay samples show elastic behaviour 

for all measured frequencies, though they appear to trend towards viscous behaviour with ′′ 

approaching ′ as frequency decreases (Figure 2.7b). If centrifuge experiments are run at a lower 

strain rate over a long period of time, it is assumed that the Y2 Klay would also become viscous 

as ′′ surpassed ′, but the experimental duration would be impractical. As such, the effective 

viscosity of the Y2 Klay at low strain rates is so high (> 107 Pa  s) that it can be considered 

effectively rigid  in physical modelling under practical experimental durations. 
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Table 2.3 

Materials tested in the APA 2000 rheometer and parameters obtained using the Cross Model for 
extrapolation to low strain rates (for explanation of the mathematical model, see section 2.4.1.3).  
Zero shear viscosity is the effective viscosity at which the lower Newtonian region is reached for 
each material (range shows difference between colours, if applicable), and the relaxation time is 
the inverse of the strain rate at which the material changes from Newtonian to power-law 
behaviour (for a graphical representation see Figs. 2.4 and 2.5).  The flow behaviour index 
determines the class of the material; all materials in this study were found to have flow behaviour 
indexes of 1 and are therefore classified as shear-thinning.  The sum of errors is the sum of 
the differences between the measured experimental viscosities ( ) and the predicted effective 
viscosities ( ) obtained by the parameters of the Cross Model (e.g. Fig. 2.5), in this study 
considered the error in effectiveness of the model. 

 

  

Material Zero shear 
viscosity,   
(Pa  s) 

Relaxation 
time,  (s) 

Flow 
behaviour 
index,   

Sum of errors, 
∆  

 
Plasticine™ 1.2 1.9 10  

 
1.61 2.65 
 

0.18 0.20 
 

	0.02 
 

 
Giotto Pongo 
Modelling Clay 

7.6 10  
 

3.30 
 

0.02 
 

	0.05 
 

 

 
Demco® Modelling 
Clay 
 

6.5 7.6 10  
 

0.76 0.88 
 

0.13 0.18 
 

	0.03 
 

 
Dow Corning® 3179 
 

6.0 10  
 

0.06 
 

0.08 
 

	0.02 
 

 

 
Crazy Aaron’s 
Thinking Putty™  

1.4 1.6 10  
 

0.02 
 

0.04 0.25 
 

	0.01 
 

 
Chavant™ Y2 Klay 
Modelling Clay 
 

5.0 6.0 10  
  

4.87 5.87 
 

0.03 0.04 
 

	0.01 
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Figure 2.7 

Results of the frequency sweep shown on log-log plots. Representative storage (G') and loss 
(G'') moduli are plotted against strain rate ( ) for the three different classes of materials. (a) 
Low-viscosity silicone putty (CATP) has very viscous behaviour at low strain rates (G'' >> 
G') and begins to switch to elastic behaviour at higher strain rates (G' ≥ G''). (b) Higher-
viscosity plasticine-like materials (GP) have viscous behaviour at low strain rates, though not 
as pronounced as the silicone putty. Behaviour quickly switches to elastic as strain rate 
increases. (c) The most viscous modelling clay materials (Y2K and Y2K-L) maintain elastic 
behaviour at all tested strain rates, but the moduli seem to be converging as strain rate 
decreases and may become viscous at very low strain rates. For the purpose of these tests, the 
high viscosity and the dominance of the elastic modulus suggest Y2K and Y2K-L will behave 
rigid solids at modelling strain rates. The silicon putties and modelling clays tested can be 
considered viscous at modelling strain rates. Y2K: Chavant™ Y2 Klay modelling clay; Y2K-
L: Chavant™ Y2 Klay modelling clay light, a lower density version of the original Y2 Klay 
with very similar viscosity and behaviour; GP: Giotto Pongo modelling clay; CATP: Crazy 
Aaron’s Thinking Putty™. 
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2.4.3 Comparison of results with existing data 

The data in this study fill a gap in the literature regarding effective viscosities of higher-

viscosity materials used in centrifuge analogue modelling. Our data compliment the studies on 

PDMS and PBDMS by Weijermars (1986b), ten Grotenhuis et al. (2002) and Boutelier et al. 

(2008) and show that viscoelastic modelling clays and silicone bouncing putties used as 

analogues for the mid- and low-crust maintain Newtonian viscous flow at strain rates below 

0.5	 	10  s-1 at 25° C. The use of a rheometer to first determine the linear viscoelastic region 

for each material enabled subsequent experiments to be conducted while the sample was at 

equilibrium. This step is crucial when evaluating viscoelastic materials as it ensures the material 

properties are not dependent on shear strain amplitude and instead are only evaluated relative to 

shear strain rate. 

McClay (1976) and Zulauf and Zulauf (2004) measured the rheological parameters of 

several types of Plasticine® using uniaxial compression. By maintaining a constant strain rate and 

varying the range of finite strain, both studies were able to observe a constant stress response and 

derive power-law exponents for the modelling clays based on this response. Effective viscosities 

are reported at 10% strain in both cases, and so cannot be directly compared to this study. 

However, this method of maintaining a constant stress response while varying finite strain did 

suggest the materials were linear viscoelastic, and so the power-law exponents are meaningful for 

the specified strain amplitude (10%). 

Dixon and Summers (1985) evaluated silicone putties using an annular shear rig, and 

their results show that the material response to loading and unloading is very much time 

dependent, suggesting a significant elastic ( ′) component. Because the silicone putty is not 

classified as linear or non-linear viscoelastic, the effective viscosities are not necessarily 
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exclusively strain rate dependent. Similar to Dixon and Summers, Hailemariam and Mulugeta 

(1998) did not consider the dynamic moduli when investigating the properties of bouncing 

putties; the measured effective viscosities do not consider strain amplitude dependence or 

boundary conditions. Weijermars (1986) employed various viscometers to classify the material 

properties of silicone bouncing putties, modelling clay, PDMS, and PBDMS and accurately 

reported a change in effective viscosity with strain rate. However, no other rheological properties 

were examined and materials were not deemed to be linear or non-linear viscoelastic. 

The results for effective viscosity of Dow Corning® presented in this study differ from 

those obtained by Dixon and Summers (see Figure 11 of the paper, 1985). At a shear strain rate of 

10-4 s-1, Dixon and Summers report an effective viscosity for Dow Corning® of ca. 5.0 10  Pa  

s (1985); in this study, at 10-4 s-1 Dow Corning® was found to have an effective viscosity of 

6.0 10  Pa  s. This discrepancy is interpreted to be a result of variation in experimental 

technique; Dixon and Summers used an annular shear rig to test materials under simple shear 

(1985), whereas this study used an APA rheometer to apply oscillatory shear stress. These two 

techniques are fundamentally different, and the inconsistency in obtained results may be a result 

of this. The Cross Model used to extrapolate data of this study is considered robust, but it must be 

acknowledged that it is still an extrapolation; values for effective viscosity below measured strain 

rates of 10-1 s-1 are simply educated estimations. Examining the trend of the data points for Dow 

Corning® (Figure 2.6), the effective viscosity appears to plateau between 100–101 s-1. It is logical 

to assume that the values would continue to plateau beyond this point as the material enters its 

Lower Newtonian Region, as predicted by the Cross Model. 

The measurements of storage and loss moduli ( ′ and ′′, respectively) are an important 

consideration when comparing analogue to prototype because it is beneficial to know which 
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material property is dominant at a specified strain rate and compare that to the behaviour of the 

prototype. For example, all samples with the exception of the Y2 Klay show loss moduli 

dominating at strain rates < 10-1 s-1. All of the materials in this study are intended as mid- to lower 

crust analogues, and the dominance of the loss moduli is an appropriate approximation of the 

flow of semi-ductile and ductile rocks over time at depth (Weijermars and Schmeling, 1986; 

Kirby and Kronenberg, 1987; Kohlstedt et al., 1995; Ranalli, 1997; Ranalli, 2000; Bürgmann and 

Dresen, 2008). 

Our data were extrapolated to low strain rates using the Cross Model. This mathematical 

modelling technique commonly used in material sciences is considered a robust estimation of 

effective viscosity. The effective viscosities of the six types of material at a typical centrifuge 

modelling strain rate of ca. 5.0	 	10  s-1 are shown in Table 2.3. 

2.5 Centrifuge experiments 

The potential brittle analogue materials (Table 2.2) were tested qualitatively using two 

series of experiments to determine if they could be used effectively to simulate the upper crust. 

The first experiment was conducted using a small centrifuge to observe the response of the 

materials alone to increased acceleration. The second series of experiments incorporated the 

materials into simple centrifuge models to determine their behaviour during deformation and their 

interaction with mid- to lower crust analogue materials. 

2.5.1 Centrifuge methods 

2.5.1.1 Small centrifuge 

Approximately 1 g of each potential brittle analogue material was placed in a 50 mL 

capacity VWR® conical bottom polypropylene centrifuge tube. All seven tubes were loaded into a 
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Thermo Scientific Sorvall™ Legend™ X1 centrifuge in the Queen’s Facility for Isotope 

Research, Kingston, Ontario. Materials were subject to an acceleration of 4000 g for 5 minutes (at 

speed). Samples were observed and photographed under microscope before and after to determine 

if there was any breakdown or separation of the material; if any was observed, the material was 

excluded from further testing (Figure 2.8). 

2.5.1.2 Centrifuge test models 

Materials that remained intact during the initial experiment were built into simple 

analogue models in the centrifuge facilities at Queen’s University in Kingston, Canada and the 

Institut national de la recherche scientifique, Centre – Eau Terre Environnement (INRS-ETE) in 

Québec, Canada. The centrifuge at Kingston is capable of subjecting models measuring 76	

	127 mm in plan by 51 mm thick to accelerations up to 20 000 g (described by Dixon and 

Summers, 1985). The centrifuge at INRS-ETE is capable of subjecting models up to 200	 	80 

mm in plan by 50 mm thick to accelerations exceeding 8000 g (described by Yakymchuk et al., 

2012). For this study, models are subjected to accelerations of 4000 g at Queen’s and 1000 g at 

INRS-ETE. 

Geometric scaling for all models follows the equation: 

1 10        (12) 

where the subscripts ‘ ’ and ‘ ’ denote model and prototype, respectively, and 1 mm in the 

model represents 1 km in the prototype (after Dixon and Summers, 1985; Liu and Dixon, 1991). 

Centrifuge test models are composed of a laminated ductile substrate and a brittle upper test layer. 

The ductile substrate, composed of interlayered Dow Corning® 3179 and Demco® modelling clay 

(Table 2.1), is assembled using the rolling and stacking method described by Dixon and Summers 

(1985) and varies in thickness depending on the testing facility (Figure 2.9). 
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Figure 2.8 

Seven materials evaluated as analogues for the upper brittle crust before and after spinning in a 
centrifuge for 300 seconds at speed, at an acceleration of 4 000 g. Samples were examined under 
microscope before and after to document any changes in material structure after being subject to 
elevated body forces. (a) Moon Dough™ initially and (b) after; material structure remains intact, 
small round balls are still whole and no changes are visible. (c) Moon Sand™ initially and (d) 
after. Euhedral crystals remain intact, and there are no visible changes. (e) Deltasand™ initially 
and (f) after. Round balls and euhedral crystals all remain intact and there are no visible changes. 
(g) Padico lightweight oil clay initially and (h) after; spherical balls are crushed (red boxes show 
broken hollow spheres). (i) Fun Dough™ initially and (j) after. There are no distinct constituents 
visible before or after and material structure appears to remain unchanged. (k) Play Doh® initially 
and (l) after; similar to Fun Dough™, no discernable crystalline structure and material appears 
unchanged. (m) Padico Hearty® ultra lightweight modelling clay initially and (n) after; small 
anhedral crystals visible before and after, no visible change to material structure.  For material 
compositions and densities, see Table 2.2. 
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The brittle material is rolled with a weighted metal hand roller or flattened with a 

weighted plate to a thickness of 5 mm for all models. To increase rigidity and cohesion of the 

Moon Sand™ and Deltasand™: various amounts of melted beeswax pellets are added for some 

tests, and sand layers are microwaved or rolled upon a heated base. 

Shortening is initiated by a collapsing wedge of Dow Corning® 3179 mixed with 

Demco®; wedge dimensions are 51	 	76 mm in plan view by 30 mm in height (Queen’s) and 

60	 	80 mm in plan view by 50 mm in height (INRS), tapered towards the model (after Dixon 

and Summers, 1985; Dixon and Tirrul, 1991; Johns and Mosher, 1996). The wedge is confined on 

four faces and free to collapse parallel to the long axis of the model, which induces layer-parallel 

shortening (Figure 2.9). Extension is initiated by confining three edges of the model and leaving 

the fourth unconfined to facilitate collapse of the model parallel to the long axis, allowing layer-

parallel extension. 

Passive strain marker squares of uniform size are stamped onto the surface of all models 

with black ink. These grids allow observation of the variation of total and incremental strain and 

provide passive markers to visualize horizontal offset along developing faults. 

Test models are run for 5–7 cycles, each 300 s at speed; the collapsing wedge is rebuilt 

between each stage. Run-up and run-down time at Queen’s are 300 s and 410 s, respectively, and 

60 s and 420 s, respectively, at INRS. The upper layer is photographed between each cycle to 

observe and document behaviour of the test material. 
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Figure 2.9 

The two different model dimensions and composition for testing brittle upper crust analogues. (a) 
Layer composition and dimensions of models run in the centrifuge at Queen’s University in 
Kingston, Ontario. The collapsing wedge is composed of Plasticine®, which applies a force on the 
model in the centrifuge. The rigid plate and base are fixed together and the model is set on top 
before being placed in the centrifuge. Layered package is Demco® Modelling Clay (darker grey) 
and Dow Corning® Dilatant Compound 3179 (lighter grey), which are both commonly used 
analogues for the mid- to low-crust. The lightest grey top layer represents the experimental brittle 
material. (b) Layer composition and dimensions of models run in the centrifuge at INRS-ETE in 
Quebec City, Quebec. The collapsing wedge is composed of a mixture of Demco® and Dow 
Corning® and applies a force on a weighted nylon plate which in turn shortens the model in the 
centrifuge. Layered package is the same composition as (a) and the lightest grey top layer again 
represents the experimental brittle material. 
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2.5.2 Centrifuge results 

2.5.2.1 Small centrifuge behaviour 

All materials remained structurally intact after the initial small centrifuge tests at 

accelerations of 4000 g with the exception of the Padico lightweight oil clay. The hollow 

microscopic resin beads in the oil clay flattened and broke apart, making it unsuitable for 

centrifuge modelling (Figure 2.8). Three other materials (Padico Hearty® modelling clay, Fun 

Dough™, and Play-Doh®) were excluded from further testing because of their malleability; after 

spinning in the small centrifuge, the materials stretched and behaved in a ductile manner 

unsuitable for a brittle analogue. Moon Dough™ was mixed with other materials to decrease their 

density, but did not homogenize with the two sands and was excluded from further testing. The 

two remaining materials following the initial experiment were Moon Sand™ and Deltasand™. 

2.5.2.2 Centrifuge test models 

Moon Sand™ and Deltasand™ were tested alone, mixed together, and mixed with 10, 20, 

30, and 40 wt% melted bleached beeswax pellets to increase cohesion. The sand-wax mixtures 

can be rolled into layers by hand using a weighted metal on a heated surface, but once cooled 

they become too brittle to roll further and instead break apart. The warm mixtures can also be 

pressed into a mould and allowed to cool, but the resultant thickness is harder to control. It is 

difficult to assemble and transport the models with a sand-wax mix upper layer, as the upper layer 

does not bond well with the underlying ductile layers, especially once the brittle material has 

cooled.  

All sand-wax mixtures tested on centrifuge models were found to be too rigid for 

deformation in the centrifuge at accelerations of 1 000–4 000 g. In extension, the brittle layers 

break in a purely tensile manner (Figure 2.10a). In compression, the brittle layers develop thrust 
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faults, but the scale of the faults is large (> 70 mm) as the brittle layer moves as a rigid sheet once 

it fails (Figure 2.10b). The wax-sand mixture fails to develop fine, small-scale features in all tests. 

The natural cohesion of Moon Sand™ and Deltasand™ by themselves and mixed 

together means they can be rolled by hand using a weighted metal roller into thin layers. Using a 

heated surface to roll the sands increases cohesion slightly and enables the rolled layers to be 

carefully transferred onto prepared models. The rolled sand layers remain parallel to the curved 

equipotential surface of the model (and the rotor drum), ensuring there is an equal distribution of 

centrifugal force on the model. The two sands bond on contact with modelling clays and silicone 

putties and remain in place during assembly, transport, and vertical tilting. 

The sands by themselves and mixed together develop properly scaled structures in 

extension and compression; both materials form folds, thrust faults, tensional fractures, and 

strike-slip faults (Figure 2.10c-j). The structures range in size from 1–50+ mm, enabling analysis 

at a range of scales (1–50+ km). 

2.5.3 Comparison of results with existing data 

The behaviour of the Moon Sand™ and Deltasand™ is similar to that of the paraffin oil-

soaked sand used by Corti (2004), but they are able to develop more small-scale, fine detail 

structures. The sands were observed in extension and compression, and behaved as an appropriate 

analogue to the brittle upper crust in both cases, forming thrust faults with and without an oblique 

component, tensional fractures, and some interpreted minor normal faults. The natural cohesion 

of the sands facilitates handling, transportation, and vertical tilting.
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Figure 2.10 

Behaviour of the Moon Sand™ and Deltasand™ on test models by alone and mixed with melted bleached beeswax pellets to increase cohesion. 
(a) 50/50 mix of both sands combined with 10 wt% beeswax on top of a test model shortened 7 stages (5 minutes at speed each) at 1000 g in the 
centrifuge at INRS-ETE in Quebec City, Quebec showing complete fracturing of the material in all directions. (b) Deltasand™ mixed with 40 
wt% beeswax on top of a model shortened 3 stages (5 minutes at speed each) at 4000 g in the centrifuge at Queen’s University in Kingston, 
Ontario showing large-scale thrust faulting (blue), but a lack of finer features or shear structures developing. (c-f) Moon Sand™ on top of two 
models shortened 4 stages (5 minutes at speed each) at 1000 g in the centrifuge at INRS-ETE. Annotations highlight different types of structures: 
shear fractures (purple), extensional cracks (green), folding (orange), and thrust faults (blue) developing at all scales. Black dashed line in (d) is 
the surface trace of a pre-cut fault in the base of the model representing a reactivating basement fault. (g) Moon Sand™ on top of a model 
shortened 4 stages (5 minutes at speed each) at 1000 g in the centrifuge at INRS -ETE. (h) Annotations highlight major (purple) and minor 
(green) shear fractures developing in response to thrusting of the underlying layers over a ramp in the base of the model. Black dashed line shows 
the surface trace of this ramp, representing a paleo-rift margin in the basement crust. (i) Cross section of a model with Moon Sand™ (yellow and 
blue) on top of a layered semi-ductile mid-crust, a ductile low-crust (red) and a rigid basement (brown) shortened 4 stages (5 minutes at speed 
each) at 1000 g in the centrifuge at INRS-ETE. (j) Annotations highlight a thrust fault (black dashed line and arrows) developing in the brittle 
upper crust over the folded mid-crust. 
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The absence of petroleum products in Moon Sand™ and Deltasand™ is important for 

centrifuge modelling studies that will employ CT scanning as an analysis tool. Test CT scans 

using low energy X-rays are high-resolution and the brittle upper layer sands can be seen 

distinctly (Figure 2.11). 

2.6 Discussion  

2.6.1 Mid- to lower crust analogue materials 

Rock rheology is dependent on composition, temperature, pressure, and strain rate; rocks 

deforming by dislocation creep follow a power-law flow law, whereas rocks deforming by 

diffusion creep are considered Newtonian viscous (Frost and Ashby, 1982; Kirby and 

Kronenberg, 1987; Kohlstedt et al., 1995). Analogue materials chosen to mimic prototype rocks 

should therefore follow similar rheological behaviours, and classification of material parameters 

must include analysis of the storage and loss moduli. 

 Determining if the material is linear or non-linear viscoelastic is an important first step, 

as the behaviour of a non-linear viscoelastic material will depend on its deformation history and 

future behaviour is unpredictable. The storage and loss moduli of a linear viscoelastic material 

can be used to decide if viscosity measurements are meaningful. If the loss modulus is dominant, 

the effective viscosity measurements are an accurate representation of the material behaviour; if 

the storage modulus is dominant, effective viscosity measurements are not an accurate 

representation of the material behaviour at the strain rates of the measurement. 
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Figure 2.11 

Computed Tomography (CT) images of centrifuge analogue models.  (a) Images from a study by 
Yakymchuk et al. (2012) showing progressive shortening of a model with a layered sequence over 
a ductile substrate. The blue layer on top is a lightweight buffer material between the model and 
the air, as the model has no brittle upper crust analogue.  Images have been post-processed with 
false colour to allow better differentiation between layers. (b) Images from a study by Harris et al. 
(2012b) showing progressive shortening of a model with a layered sequence (S) over a ductile 
substrate (I) with a layer of polydimethylsiloxane between acting as a basal décollement horizon. 
Images show original scan colour.  (c-f) CT scans of models from this study (see Chapter 3) 
showing brittle structures in the upper crust. The density contrast between materials is apparent 
and layers can be highlighted with false colour ramps. Model configuration is the same for all 
models, and is shown in (d): brittle upper crust (i) composed of Moon Sand™; layered mid-crust 
(ii) composed of Demco® modelling clay, Dow Corning® 3179, and Demco® mixed with Crayola®

Model Magic; ductile lower crust (iii) composed of Crazy Aaron’s Thinking Putty™; and a rigid 
basement (iv) composed of Chavant™ Y2 Klay modelling clay. 
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All viscoelastic materials in this study show linear viscoelastic behaviour and the loss 

modulus dominates at low shear rates applicable to centrifuge modelling, with the exception of 

the Y2 Klay, which is characterized by elastic behaviour even at low strain rates. The measured 

effective viscosities for all materials (excluding Y2 Klay) coupled with density measurements can 

be used in scaling calculations to accurately select analogue materials for a variety of prototypes 

and experimental set-ups. 

2.6.2 Brittle upper crust analogue materials 

 Prior to this study, an ideal brittle upper crust analogue that could be imaged in a CT 

scanner had yet to be implemented in centrifuge modelling. Moon Sand™ and Deltasand™ meet 

all the criteria for an effective upper-crust analogue (see section 2.2.2). This application of Moon 

Sand™ and Deltasand™ to centrifuge analogue modelling allows physical models to be complete 

from the lithospheric mantle (see Koyi and Harris, 2001; Harris and Koyi, 2003) to the upper 

crust.  

2.6.3 Proposed crustal section 

The measured and observed physical properties of the materials examined in this study 

and a study by Yakymchuk et al. (2012) were combined and compared to experimental 

rheological properties of prototype rocks to generate a proposed crustal section for centrifuge 

analogue modelling (Figure 2.12).  
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Figure 2.12 

Proposed crustal cross section for analogue centrifuge models with materials examined in this 
study and a study by Yakymchuk et al. (2012).  Model column is a photograph of a multilayer 
model (see Chapter 3) complete from lowest crust (Archean basement) to brittle upper crust, 
based on northern India.  Schematic column shows a generalized section mimicking the 
configuration of the actual model. Layer thickness and composition can be modified to match 
the intended prototype.  Depth and Layer columns list the approximate depth, crustal layer, and 
relative competence of each section.  Note that the depth of each layer can vary significantly 
depending on the prototype; the brittle upper crust can range in thickness but does not generally 
extend below a depth of 15 km without becoming semi-ductile.  The competent and weak 
ductile and semi-ductile mid-crust sections can change relative to each other, or be absent all 
together.  The ductile lower crust can be thinner, thicker, or begin higher in the crust.  The rigid 
basement can vary in thickness or be absent, in which case the ductile lower crust grades 
directly into the upper mantle.  Analogue and Prototype columns discuss the analogue material 
suitable for each crustal depth and competency, and the rock types that rheologically scale to 
that material.  In some cases, the prototype rock will differ between a thick-skinned large hot 
orogen (LHO) and a thin-skinned fold-thrust belt (F-TB). 
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Prototypes differ slightly for thick-skinned, large hot orogenic systems (LHO) and thin-skinned 

fold-thrust belts (F-TB): 

(i) Brittle upper crust:  

a. Moon Sand™ and Deltasand™ as analogues for uppermost sedimentary cover 

sequences of sandstone, siltstone, or limestone (LHO and F-TB). 

(ii) Competent semi-ductile upper crust:  

a. Giotto Pongo as an analogue for quartzite or carbonate rocks (LHO and F-TB). 

(iii) Competent ductile mid-crust: 

a. Plasticine® as an analogue for quartzite or carbonate rocks (LHO and F-TB). 

b. Demco® modelling clay as an analogue for impure quartzite or marl (LHO and F-

TB). 

(iv) Weak ductile mid- to low-crust: 

a. Dow Corning® Dilatant Compound 3179 as an analogue for shale (LHO and F-

TB). 

b. Demco® modelling clay (60%) mixed with Crayola® Model Magic (40%) as an 

analogue for impure quartzite or marl (LHO and F-TB). 

(v) Ductile low-crust: 

a. Crazy Aaron’s Thinking Putty™ as an analogue for melt-weakened quartzite or 

carbonate rock (LHO) or layers of evaporite ± shale (F-TB; could be anywhere in 

the mid- to low-crust). 

(vi) Rigid lowest crust: 



 

 

 

68

a. Chavant™ Y2 Klay modelling clay as an analogue for Archean craton (LHO and 

F-TB). 

2.6.4 Limitations 

2.6.4.1 Viscoelastic materials 

Because of its high effective viscosity (> 107 Pa  s) at shear rates less than 10 s-1 the 

Chavant™ Y2 Klay modelling clay behaves as a rigid solid in physical centrifuge models. As 

such, we propose it as a useful analogue for a rigid crystalline basement craton, or the base of a 

passive continental margin (e.g. Figure 2.13; see Chapter 3). Alternatively, Y2 Klay can be used 

to decrease the density of other modelling clays while maintaining (or increasing) the effective 

viscosity (Table 2.1). Y2 Klay is not useful as a mid-crust analogue due to the high effective 

viscosity; it will not deform unless the time scaling is modified, resulting in impractically long 

experiments. The Giotto Pongo modelling clay also has a high viscosity (approaching 107 Pa  s at 

low strain rates) and should be used with caution, as the elastic behaviour of this clay may inhibit 

deformation depending on the strain rate the model is subjected to. The loss modulus becomes 

dominant ( ′′ ′) at 10 s-1 (Figure 2.7). If the trend is assumed to continue, the modelling clay 

will be behaving as a Newtonian viscous fluid at typical centrifuge modelling strain rates (ca. 10-4 

s-1). The high effective viscosity still needs to be taken into consideration, and as such we have 

suggested the Giotto Pongo modelling clay as an analogue for competent, semi-ductile quartzite 

and carbonate rocks in the mid-crust (Figure 2.12). 
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Figure 2.13 

Centrifuge analogue model images showing the behaviour of Chavant™ Y2 Klay modelling 
clay as an analogue for a rigid crystalline basement craton. (a) Modelling inherited rift 
topography in the basement craton (layer iv, outlined with white dashed line); folds are 
localized above the paleo ramp during shortening in the ductile and semi-ductile mid crust and 
the brittle upper crust (layers iii, ii, and i). (b) Modelling reactivation of a fault in the basement 
craton (layer iv, outlined with white dashed line). Sense of motion is oblique normal during 
shortening (white arrows).  Ductile (layer iii) and semi-ductile (layer ii) mid crust and upper 
crust (layer i) show variation in fold styles above the basement fault.  Layer composition of 
both models is: (iv) Chavant™ Y2 Klay, (iii) Crazy Aaron’s Thinking Putty™, (ii) micro-
laminates of Dow Corning® 3179, Demco® modelling clay, and Demco® modelling clay mixed 
with Crayola® Model Magic, and (i) Moon Sand™. Both models were shortened at the 
centrifuge facilities at INRS-ETE in Quebec City, photos are after four stages of shortening at 1 
000 g, 5 minutes each. The prototype is the Bundelkhand craton in northern India, discussed 
further in Chapter 3. 
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2.6.4.2 Brittle materials 

The Moon Sand™ and Deltasand™ are considered appropriate analogues for the brittle 

upper crust in extension and compression of centrifuge models because of their natural cohesion, 

ability to develop brittle structures at all scales, and measured densities similar to viscoelastic 

analogue materials. Moon Sand™ has over twice the density of Deltasand™ (Table 2.2) and this 

difference needs to be considered in relation to the underlying analogue materials and the 

intended prototype. If the intended prototype is a semi-ductile fold-thrust belt or an extensional 

basin and underlying materials are higher viscosity (e.g. Plasticine®, plastilina, Demco® 

modelling clay) then the higher density Moon Sand™ is an appropriate analogue. If the intended 

prototype is a large hot orogen with melt-weakened lower crust, or a fold-thrust belt with 

evaporite/shale layers, and low-viscosity underlying materials (e.g. PDMS, Crazy Aaron’s 

Thinking Putty™) should not rise to the surface, then the lower density Deltasand™ is an 

appropriate analogue.  

Improperly scaled density contrasts can cause Rayleigh Taylor instabilities. Conversely, 

if the top brittle layer is too low density compared to the underlying materials ( 	upper brittle 

layer ≪  underlying layers), folds forming in the mid- and lower crust can have high amplitudes 

not analogous to nature. Mixing the two by weight percent allows the density to be customized to 

suit different model parameters and intended prototype systems. 

2.6.5 Unresolved issues 

This study did not examine lower-viscosity silicone polymers (e.g. PDMS) commonly 

used as analogues for mantle, lower-crust melt, magma migration, and salt, or mixes between 

materials and filler additives. The rheology of PDMS with and without various fillers has been 

well documented (e.g. Grotenhuis et al., 2002; Boutelier et al., 2008), but we suggest that mixes 
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of low-viscosity silicone polymers and higher-viscosity modelling clays and silicone bouncing 

putties be tested using the same methods described in this study to maintain consistency. 

The effect of temperature on effective viscosities of all materials described in this study 

would be useful, especially for centrifuge facilities that are not temperature regulated. It is 

assumed that an increase in temperature will lower effective viscosities of all materials while 

maintaining the shape of the curves. 

The rheology of viscoelastic materials is complex, and we suggest that any new mixes or 

materials not properly classified in this or previous studies be analysed with a rheometer to 

determine linear/non-linear viscoelasticity, storage and loss moduli behaviour, and effective 

viscosity at the intended modelling strain rate and temperature.  

A rheological analysis of the two cohesive sands would contribute to our understanding 

of their behaviour. They could not be tested in the APA 2000 because of their granular 

composition, but perhaps a different rheometer would be capable of testing and quantifying their 

mechanical properties. We hypothesize that the sands did not readily develop normal faults in 

extension because of the relative thinness of the brittle layer compared to the underlying ductile 

substrate; it would be beneficial to test thicker layers of the sands over a ductile and semi-ductile 

substrate in extension to see if normal faults can be nucleated. Additionally, the confining 

pressure and differential stress within the uppermost layer may have been too low, prompting the 

formation of tensile rather than shear failure. 

2.7 Conclusions 

Effective viscosity, considered alone, is not an accurate measure of the dynamic 

properties of viscoelastic materials. Determining whether a material is linear or non-linear 
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viscoelastic and considering the elastic and viscous moduli behaviour are crucial to properly 

classify analogue materials and scale them to the intended prototype.  

This study reveals that the modelling clays and silicone bouncing putties sampled (with 

the exception of the Y2 Klay modelling clay) behave as Newtonian, high-viscosity fluids at the 

strain rates used in centrifuge experiments. The two rheological experiments confirm results of 

other recent studies that the elastic behaviour of these materials, with the exception of the Y2 

Klay, is negligible at low strain rates. We also found that the high effective viscosity and 

relatively low density of Y2 Klay modelling clay render it effectively rigid at typical centrifuge 

strain rates and practical experiment lengths, and we recommend it as an appropriate analogue for 

a rigid craton or the base of a passive margin. 

The brittle upper crust is an important component of centrifuge models that has 

historically not been successfully reproduced because of the difficulty in finding a suitable 

analogue. The results of this study show brittle behaviour in two materials previously unused in 

centrifuge analogue modelling. Moon Sand™ and Deltasand™ are both cohesive enough to be 

rolled into layers and remain in place on models inserted vertically into a centrifuge chamber 

without the addition of waxes or oils. The composition of the sands allows them to be used on 

models that will be imaged in a CT scanner with low-energy X-rays. The densities of both sands 

scale well to mid- and lower crust analogue materials, and they develop brittle structures on a 

macro- and micro- scale on centrifuge test models. Because of these features, Moon Sand™ and 

Deltasand™ are deemed most appropriate as analogues for brittle deformation and we propose 

that these materials should now be used to image the brittle upper crust in centrifuge models. 

  



 

 

 

73

Chapter 3 

Development of structures above basement faults using centrifuge 

analogue modelling: an example from the Indian subcontinent 

3.1 Abstract 

Along-strike variations in deep crustal density, seismicity, and crustal architecture along 

the Himalayan orogen have been linked to the pre-orogenic configuration of the colliding plates. 

Recent interpretation of enhanced gravity data highlights northeast-striking inherited faults in the 

crust of northern India, which coincide with the location of subsurface horst of late Archean to 

early Proterozoic granitic and gneissic basement rocks. Dynamically scaled centrifuge analogue 

models are used here to investigate the reactivation of these faults in the subducting Indian crust 

during the collision of India and Asia in the Paleogene (ca. 45–40 Ma, 10 Myr after initial 

collision) and early Neogene (ca. 20–15 Ma, 35 Myr after initial collision) to elucidate their 

potential role in localizing deformation in the upper crust. 

Models based on the Himalayan prototype are simplified into four layers: rigid basal 

layer with a pre-cut discontinuity simulating a fault, ductile middle layer, semi-ductile upper 

layer, and brittle uppermost layer. Models are shortened at accelerations of 1,000 g and analysed 

using computed tomography (CT) scanning to provide a 3D view of the system. In models 

simulating early stage collision (ca. 10 Myr after onset), deformation is dominated by left-lateral 

strike-slip deformation along the pre-shortening lubricated basement fault. This slip manifests in 

the upper crust as three major sets of faults striking northwest–southeast, northeast–southwest, 

and east–west. Extension is accommodated in the northeast–southwest striking faults, synthetic to 

the orientation of the basement fault. The faults striking northeast–southwest are dextrally offset 
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by the faults striking northwest–southeast, and minor shortening is accommodated by east–west 

striking faults. In models simulating later stage collision (ca. 35 Myr after onset), deformation is 

dominated by shortening in the upper crust. Strike-slip offset along the basement fault manifests 

in the ductile mid-crust as lateral flow, boudinage, and the development of necking zones. These 

necking zones are interpreted to be discreet zones of strain transfer to the semi-ductile and brittle 

upper crust, localizing normal faults. Three fault sets develop in the same orientation as in the 

early stage collision models; extension is accommodated by faults striking synthetic to the 

basement fault. Offset folds form perpendicular to the orogen, across a second set of folds that 

develop directly over the basement fault. Normal faults stepping en échelon along the basement 

fault are interpreted to be analogous to south Tibet graben in the prototype. 

Our results suggest that inherited basement faults control, at least in part, fault patterns in 

the upper crust developed during initial shortening, and influence structures developed during 

later stage shortening and orogen-parallel extension in the orogenic hinterland. 

3.2 Introduction 

The Himalayan orogenic system (Figure 3.1) is the result of collision between India and 

Asia and initiated at ca. 55–50 Ma (Najman et al., 2010). The orogen is the modern type example 

of continent-continent collision and is largely considered laterally continuous (Gansser, 1964; Le 

Fort, 1975; Hodges, 2000; Yin and Harrison, 2000).  
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Figure 3.1 

(a) Simplified geology of northern peninsular India showing extent of Archean cratons (A: 
Aravalli; Bu: Bundelkhand; Ba: Bastar; S: Singhbhum; PCH: Peninsular Craton highlands), 
Proterozoic mobile belts (ADFB: Aravalli-Delhi fold belt; CITZ: Central Indian tectonic zone; 
CGC: Chhotanagpur gneiss complex; NSMB: North Singhbhum mobile belt; EGB: Eastern Ghats 
belt; SPGC: Shillong Plateau gneiss complex), major tectonic features of the Himalayan-Tibet 
system (KF: Karakoram fault; MFT: Main Frontal thrust; IYSZ: Indus-Yarlung suture zone) and 
Peninsular India (GBF: Great Boundary fault; NSNF: Narmada-Son North fault), and various 
cover sequences. Black dashed box shows prototype area for this study and the A-A’ line is the 
cross section line for Figure 3.2. Map modified from Godin and Harris (2014); originally 
compiled from Bhowmik et al. (2012) and Guillot and Replumaz (2013). (b) Simplified regional 
geologic map of the Nepal Himalaya showing the four lithotectonic domains (from the north: 
Tethyan Sedimentary sequence, Greater Himalayan sequence, Lesser Himalayan sequence, and 
the Sub Himalayan sequence: Siwalik Group foothills and Quaternary sediments). Locations of 
three basement highs in the subsurface of the Indo-Gangetic Plain are approximated in orange, 
bounding fault traces of the Faizabad ridge are shown as light green dashed lines (data from Godin
and Harris, 2014). STDS: South Tibetan detachment system; MCT: Main Central thrust; MBT: 
Main Boundary thrust; RT: Ramgar Thrust; MFT: Main Frontal thrust (modified from McQuarrie 
et al., 2008; Arora et al., 2012).
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However, recent studies have documented significant along-strike variations in topography 

(Duncan et al., 2003; Bookhagen and Burbank, 2006), climate (Bookhagen et al., 2005; 

Bookhagen and Burbank, 2006; 2010; Grujic et al., 2006; Burbank et al., 2012), orogen structure 

(Yin, 2006), deep crustal density (Basuyau et al., 2013), seismicity (Khattri and Tyagi, 1983; 

Kayal, 2001; Singh et al., 2010; Arora et al., 2012; Gahalaut and Kundu, 2012), and convergence 

rates (Larson et al., 1999; Paul et al., 2001; Banerjee et al., 2008; Burgess et al., 2012) along the 

2500 km length of the orogen (Table 3.1). These discrepancies have been attributed to changes in 

thickness of pre-orogenic sedimentary rocks (Prasad et al., 2011), lateral ramps along the main 

thrust sheets (Wu et al., 1998), differential erosion rates (Vance et al., 2003), and strike-slip 

faulting in the frontal part of the orogenic wedge (Table 3.2; Murphy et al., 2014). Heterogeneity 

of the underplated Precambrian Indian basement was first proposed as an explanation for lateral 

variations by Valdiya (1976) and Karunakaran and Ranga Rao (1979) based on geophysical data 

from the Oil and Natural Gas Commission of India (1968). 

Northeast-trending faults in the Precambrian basement beneath the Indo-Gangetic plain 

(Figure 3.1b) continue towards, and have been interpreted to extend beneath (Godin and Harris, 

2014), the east–west Himalayan orogen (Oil and Natural Gas Commission, 1968; Valdiya, 1976; 

Khattri and Tyagi, 1983; Bollinger et al., 2004; Gahalaut and Kundu, 2012; Mallick et al., 2012). 

Some of these faults bound paleotopographic ridges preserved under the sediments of the Ganga 

basin, which trend at a high angle to the strike of the Himalaya (Figure 3.1b; Meert et al., 2010)
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Table 3.1 

A summary of previous studies, methods, and results documenting variations along-strike of the Himalayan orogen (continued on next page). 

Variability Methods Results References 

Topography DEM Arc is tectonically segmented along strike; episodic system with timing differences and 
varying balance between uplift and erosion. 

(Duncan et al., 
2003; Bookhagen 
and Burbank, 
2006) 

Precipitation 
rates and 
patterns 

DEM; 
satellite data 
of rainfall, 
snow-cover 
and melt, and 
surface 
temperature 

Syntaxial regions: Continuous, rapid change in relief; one zone of heavy rainfall at the 
foreland; snowmelt has a large contribution to discharge 
Central region: Step topography, two zones of rapid change in relief; two zones of heavy 
rainfall; snowmelt contributes less to discharge 
Spatiotemporal changes: Uplift of Shillong plateau in the Pliocene decreased precipitation 
in the eastern Himalaya; second order structures differ from east to west due to change in 
precipitation rate: gneiss domes and windows found in the west, klippen in the east. 

(Bookhagen et al., 
2005; Bookhagen 
and Burbank, 
2006; 2010; Grujic 
et al., 2006; 
Burbank et al., 
2012) 

Orogen 
structure 

Literature 
and data 
review and 
synthesis 

- Elevation increases eastward along strike attributed to increase in total shortening, 
difference in depth to main décollement, and variation in spacing along major thrust 
systems 

- Shortening rate increase eastward attributed to counter-clockwise rotation of India 
during collision, and change in dip angle of subducting slab 

- Exhumation along strike dependent on mode and magnitude of deformation, controlled 
by location and duration of structural uplift and erosion rate 

(Yin, 2006) 

Deep crustal 
density 

Inverted 
GOCE and 
GRACE 
gravity data; 
teleseismic 
delay times 

- Low-density, N-S trending anomalies in the crust at ca. 40 km depth are located 
beneath graben and associated depressions 

- Anomalies are linked to lateral variations in crustal rheology and may correspond to 
fluids (conductive brines or melts) 

(Basuyau et al., 
2013) 



 

 

 

78

Seismicity Seismic and 
microseismic 
data analysis 

E-W seismic belt: Variation in convergence rate, rheology, stress interaction, and 
subduction sediment thickness impact magnitude and frequency of seismic events along 
the Main Frontal thrust. 
Transverse N-S seismic belts: Attributed to deep-seated structures originating in the Indian 
crust along paleo-ridges, which act as asperities to nucleate ruptures; ridges in Indian crust 
also suggested as barriers to great and major earthquakes, stalling rupture fronts. 

(Khattri and Tyagi, 
1983; Kayal, 2001; 
Singh et al., 2010; 
Arora et al., 2012; 
Gahalaut and 
Kundu, 2012) 

Convergence 
rates 

GPS data; 
uplifted river 
terraces 

- Convergence rates between India and Asian increase eastward and vector axes rotate 
counter clockwise by ca. 45° 

- It is suggested that the detachment fault in the east is shallower than in the west 
- Active shortening is mainly accommodated by slip along the foreland Main Frontal 

thrust 

(Larson et al., 
1999; Paul et al., 
2001; Banerjee et 
al., 2008; Burgess 
et al., 2012) 



 

 

 

79

Table 3.2 

A summary of previous studies, methods, and results documenting possible causes of along-strike variation (Table 3.1) of the Himalayan orogen. 

Reason 
Studied 

Methods Results References 

Change in 
thickness of 
pre-orogenic 
sedimentary 
rocks 

Deep seismic 
reflection 

- The Lesser Himalayan fold-thrust belt (between the MFT and the MBT) varies 
in thickness along its length 

- Variation related to thickness of the Vindhyan sediments (see section 3.3.1) 
during deposition, as controlled by pre-Himalayan structure of the Indian 
continent and pre-deformation basin thickness 

- Suggest a compressional environment prior to India-Asia collision resulting in 
a southwest dipping fabric that limits the sediment thickness 

(Prasad et al., 2011) 

Lateral ramps 
along main 
thrust sheets 

Mapping; 
radiogenic 
dating; 
seismicity data 

- Large, across-strike discontinuity (Yadong rift) suggested as surface 
expressions of a lateral ramp 

- Ramp suggested as a lateral discontinuity in the pre-collisional structure of the 
Indian continental margin (e.g. a paleo-transfer rift fault) 

- It is hypothesized that this rift fault localized along a Precambrian structure and 
is linked to north-trending basement faults in the Indian crust underlying the 
Indo-Gangetic plain. 

(Wu et al., 1998) 

Differential 
erosion rates 

Cosmogenic 
nuclides from 
quartz in river 
sediments to 
calculate erosion 
rates 

- Variation in exhumation rate is diachronous across arc 
- Erosion rate variability across the arc today is attributed to change in relief due 

to climate change 
- Past variability is not obviously associated with climate change, suggesting 

tectonic moderation by development of new thrusts, existence of short steep 
ramps, or rock hardness  

(Vance et al., 2003) 

Strike-slip 
faulting in 
frontal part of 
orogenic 
wedge 

Field data; 
radiocarbon 
dating; 
numerical 
modelling 

- Convergence obliquity increases westward along the Himalaya 
- Suggest this obliquity creates strain partitioning in western Nepal, which is 

accommodated with a northwest-trending fault system 
- East of this system the oblique convergence is subcritical for strain partitioning 

(Murphy, 2014) 
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Spectrally filtered EGM2008 Bouguer gravity data and edges in its horizontal gradient at 

different levels of upward continuation (‘gravity worms’) over northern peninsular India, the 

Himalaya, and southern Tibet suggests that shallow (0–10 km deep) and deep (10–80 km deep) 

gravitational lineaments trending parallel to the basement highs coincide with neotectonic faults 

in the upper crust (Godin and Harris, 2014). The basement ridges are interpreted as relict horsts 

bounded by long-lived, multiply reactivated crustal-scale faults; the gravity lineaments associated 

with these faults in peninsular India project northward to active, upper crustal structures in south 

Tibet. It is postulated that the upper crust faults root into the underplated Indian crust through a 

zone of low-viscosity mid-crust (Godin and Harris, 2014).  

The suggested relationship between the basement structures in northern India and the 

upper crust in the Himalaya raises questions on the mechanism and evolution of their potential 

reactivation, and their ability to transfer strain through a low-viscosity medium. This study 

explores the interaction between the deep faults and the mid- and upper crust during two stages of 

orogenesis: 10 Myr and 35 Myr after initial collision (ca. 45–40 Ma and 20–15 Ma, respectively) 

in an effort to address the following questions: 

(1) Is it mechanically and kinematically feasible for slip along basement faults to 

propagate from lower crust to upper crust through a low-viscosity medium? 

(2) Can slip along deep-seated faults localize structures in the mid- and upper 

crust, and if so, how do the structures evolve with time? Could south Tibet 

graben be spatially related to these basement faults? 

We use scaled centrifuge analogue modelling to dynamically simulate this potential 

reactivation and observe the effects in the mid- and upper crust.  
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3.3 Geology of the prototype 

The simulated prototype area encompasses the Pokhara fault that bounds the southeast 

edge of the Faizabad ridge of the Bundelkhand craton (Godin and Harris, 2014), the Ganga basin, 

the frontal Himalayan orogenic wedge, and the Thakkhola graben in south Tibet (Figure 3.1 and 

Figure 3.2). Two stages in the evolution of the system are studied: 10 Myr and 35 Myr after initial 

collision (ca. 45–40 Ma and 20–15 Ma, respectively). This allows us to explore the contribution 

of the basement faults to early structures in the foreland basin, the potential overprinting of these 

structures during later stage shortening, and the possible link between deep-seated faults in the 

underplated Indian crust and active graben in the upper crust of south Tibet. 

3.3.1 Northern India 

The geology of northern India is divided into four zones: the Precambrian domains, late 

Paleozoic and Mesozoic sedimentary rocks, Himalayan foreland basin-fill sediments, and the 

tectonically active southern edge of the Himalayan orogen (Figure 3.1).   

3.3.1.1 Precambrian domains 

The Aravalli, Bundelkhand, Bastar-Bhandara, and Singhbhum cratons contain Archean, 

highly deformed gneiss-greenstone assemblages (Mondal et al., 2002; Radhakrishna et al., 2013). 

The cratons are separated from west to east by six recognized Paleoproterozoic mobile belts: the 

Aravalli-Delhi fold belt, the Central Indian Tectonic Zone (also called the Satpura Mobile Belt), 

the Chhotanagpur gneiss complex and North Singhbhum mobile belt, the Shillong Plateau, and 

the Eastern Ghats belt (Figure 3.1; Harris, 1993; Balakrishnan et al., 2008; 2009; Meert et al., 

2010; Bhowmik et al., 2012; Godin and Harris, 2014). 
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Figure 3.2 

(a) Simplified cross section of the India-Eurasia 
collision at ca. 40 Ma roughly along the A-A’ line 
shown in Figure 3.1a. The late Paleozoic remnant 
rift margin is shown in the Indian basement. Black 
box shows model geometry overlay area (c). BS: 
Bagong Suture; IYS: Indus-Yarlung Suture. (b) 
Simplified cross section of the India Eurasia 
collision at present along the same line. The late 
Paleozoic remnant rift margin has now been 
subducted. MFT: Main Frontal thrust; MBT: Main 
Boundary thrust; MCT: Main Central thrust; STDS: 
South Tibetan Detachment System; MHT: Main  

Himalayan thrust. (c) Cross section of model geometry over detailed area of (a) showing layer 
composition and thickness (in mm). (a) and (b) are modified from Schelling, 1992; Corfield et al., 
1999; Decelles et al. 2001; Godin, 2003; Martin et al., 2009; Nábělek et al., 2009; Godin et al., 
2011; Webb, 2013). 
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The reactivation of basement faults associated with these Archean cratons has controlled 

the depositional thickness and the orientation of neotectonic structures in the overlying 

sedimentary sequences and the Ganga basin (Pati et al., 2006).   

The Archean cratons slope northward approaching the Himalaya as India underplates 

Eurasia; some of the cratons crop out south of the Indo-Gangetic plain in the Peninsular Craton 

highlands (Figure 3.1; Goswami, 2012). The Archean cratons and Proterozoic mobile belts are 

partially overlain by ca. 4 km of Mesoproterozoic to Neoproterozoic slightly metamorphosed 

sedimentary rocks, rhyolitic tuffs, and volcaniclastic rocks of the Vindhyan and Krol sequences 

(Chakrabarti et al., 2007; Malone et al., 2008). These rocks are thought to have originated as infill 

of failed rifts on early Archean and/or early Paleoproterozoic cratons (Harris, 1993; Chaudhuri et 

al., 2002), or as a foreland basin formed during late Paleoproterozoic collision of the Bhandara 

and Bundelkhand cratons (Chakrabarti et al., 2007). 

3.3.1.2 Late Paleozoic and Mesozoic sedimentary rocks 

Permo-Triassic ca. 1 km-thick Gondwana Group sedimentary rocks, which were 

deposited in rift basins formed as a response to collision along the Panthalassa margin of 

Gondwana (Harris, 1994; Bhattacharyya and Mitra, 2009; Chatterjee et al., 2013) discontinuously 

overly the Vindhyan and Krol sequences. Late Cretaceous Deccan Trap basalts deposited during 

the breakup of Gondwana cover significant parts of the Precambrian and Permo-Triassic rocks in 

west-central India, south of the Bundelkhand massif (Hofmann et al., 2000). 

3.3.1.3 Himalayan foreland basin-fill sediments 

Neogene alluvial sediments of the Siwalik Group and unconsolidated Quaternary 

sediments of the modern alluvial system discontinuously overly the Precambrian domains, 

Permo-Triassic sedimentary rocks, and Deccan Traps (DeCelles et al., 2001). The Siwalik Group 
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is a ca. 5 km thick, upward coarsening succession of fluvial siltstone, sandstone, and 

conglomerate informally divided into lower, middle, and upper members (Harrison et al., 1993; 

Quade et al., 1995; DeCelles et al., 1998). The Siwalik Group is derived from sediments eroded 

from the early-developed fold-thrust belt and deposited in the flexural foredeep of the Himalayan 

foreland basin system (Critelli and Ingersoll, 1994; DeCelles et al., 1998). 

The Quaternary Ganga basin overlies the Siwalik Group sedimentary rocks south of the 

Himalayan orogenic front. The Ganga basin is filled with alluvial sediments from the Ganges, 

Indus, and Brahmaputra rivers and their related tributaries (Singh, 1996) and is subdivided, from 

north to south, into three zones roughly parallel to the orogenic front: the Piedmont Zone, the 

Central Alluvial plain, and the Marginal Alluvial plain (Goswami, 2012). 

Several studies have shown a strong tectonic control on the sedimentation history of the 

basin (Singh, 1996; Parkash et al., 2000; Agarwal et al., 2002; Thakur, 2004; Kumar et al., 2006; 

Yeats and Thakur, 2008; Goswami et al., 2009), and the thickness of the sedimentary fill is 

largely controlled by the topography of the basement (Goswami, 2012 and references therein). 

The Indo-Gangetic basin sediments are thickest in the Piedmont Zone (ca. 4–6 km; Singh, 1996) 

where the flexion of the Indian plate creates the foredeep (Figure 3.2), gradually decreasing 

towards the south. Basin thickness in the study area ranges from 1.3–4 km from south to north 

(Figure 3.2; Singh, 1996; 2004). 

3.3.1.4 Himalayan orogenic front 

The Himalayan Main Frontal thrust, interpreted to have initiated in the Pliocene 

(Wesnousky et al., 1999; Lavé and Avouac, 2000; DeCelles et al., 2001), defines the tectonically 

active southern limit of the Himalayan orogenic system (Kumar et al., 2006; Yin, 2006; Yeats and 

Thakur, 2008). There, the Indo-Gangetic plain alluvial sediments are overthrust by Siwalik Group 
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sediments (DeCelles et al., 2001; Najman, 2006). The Main Frontal thrust is the youngest of a 

series of south-directed thrust sheets that comprise the Himalayan fold-thrust belt; the surface 

trace of the thrust is anastomosing with several prominent northward convexities (Figure 3.1; 

Goswami, 2012). It has been suggested that these northward convexities are controlled, at least in 

part, by subduction of the basement ridges and variation in sediment thickness during thrust 

nucleation (Bollinger et al., 2004). 

3.3.2 The Himalaya 

The Himalayan orogenic system comprises four lithotectonic domains: the Tethyan 

sedimentary sequence, the Greater Himalayan sequence, the Lesser Himalayan sequence, and the 

Sub-Himalayan sequence (made up of the Siwalik Group foothills and the sediments of the Indo-

Gangetic plain, discussed in section 3.3.1). The north-dipping South Tibetan detachment system, 

the Main Central thrust, the Main Boundary thrust, and the Main Frontal thrust separate these 

four domains, respectively. 

3.3.2.1 Tethyan sedimentary sequence 

The Tethyan sedimentary sequence at the northernmost limit of the orogen comprises low 

metamorphic grade Paleozoic to Lower Tertiary marine metasedimentary rocks, remnant of the 

paleocontinental margin of the Tethys and Paleo-Tethys oceans (Garzanti, 1999). The Tethyan 

sedimentary sequence was metamorphosed and deformed with the onset of collision and ophiolite 

obduction at the end of the Cretaceous (70–65 Ma) through to the late Oligocene/early Miocene 

(25–20 Ma; Searle et al., 1997; Godin, 2003; Murphy and Yin, 2003; Searle and Szulc, 2005). 

Significant thickening of the sequence around the mid to late Eocene (45–32 Ma) coincides with 

deformation in the Greater Himalayan sequence as thrusting progressed southward (Hodges and 
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Silverberg, 1988; Godin et al., 1999; 2001; Godin, 2003; Aikman et al., 2008; Kellett and Godin, 

2009). 

3.3.2.2 Greater Himalayan sequence 

Structurally beneath the Tethyan sedimentary sequence, the Greater Himalayan sequence 

is a southward-extruded package of high-grade metamorphic rocks bounded by the Main Central 

thrust at the base and the South Tibetan detachment system at the top (Hodges, 2000; Searle and 

Godin, 2003). The Greater Himalayan sequence contains high strain kyanite and sillimanite-

bearing gneiss and granites recording metamorphism from three major events: pre-Himalayan 

metamorphism in the Ordovician (490–445 Ma), Eohimalayan metamorphism in the Eocene to 

Oligocene (55–25 Ma), and Neohimalayan metamorphism in the early to middle Miocene 

(Vannay and Hodges, 1996; Parrish and Hodges, 1996; Godin et al., 2001; Martin et al., 2005; 

Searle and Szulc, 2005; Cottle et al., 2009; Carosi et al., 2014). The Neohimalayan thermal event 

coincides with emplacement of Miocene leucogranites and significant anatexis in the upper part 

of the Greater Himalayan sequence, as well as simultaneous motion along the two bounding 

faults (Le Fort, 1981; Debon et al., 1986; Pêcher, 1989; Guillot et al., 1993; Guillot et al., 1994; 

Godin et al., 2001; Searle and Godin, 2003; Godin et al., 2006). 

3.3.2.3 Lesser Himalayan sequence 

Shortening along the Main Central thrust and South Tibetan detachment system ceased 

around the middle Miocene (ca. 16 Ma; Godin et al., 2006), contemporaneous with the onset of 

orogen-parallel extension in the hinterland (Jessup et al., 2008; Cottle et al., 2009; Langille et al., 

2010). Shortening was accommodated south of the Greater Himalayan sequence in the Lesser 

Himalayan sequence along the Main Boundary thrust (Schelling, 1992; Meigs et al., 1995; 

Huyghe et al., 2001). The Lesser Himalayan sequence lies just north of the Siwalik Group 
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foothills and is made up of Proterozoic and Permian–Cretaceous low metamorphic grade 

metasedimentary rocks and granites and unmetamorphosed Tertiary sedimentary rocks (DeCelles 

et al., 2001; 2004; Robinson et al., 2003; Martin et al., 2005; 2009; 2011). Deformation since the 

middle Miocene continues to progress southward in typical in-sequence foreland thrust 

propagation style (Mukhopadhyay and Mishra, 2005). 

3.3.3 Tectonics 

Several major faults and lineaments on the Indian subcontinent are interpreted to predate 

the onset of collision with Asia (Verma and Banerjee, 1992; Srivastava and Sahay, 2003); two of 

the most prominent are the Great Boundary fault and the Narmada-Son-Brahmaputra lineament 

(Figure 3.1a). The Great Boundary fault is a ca. 800 km long imbricate zone comprising a series 

of steeply dipping, northeast to east-northeast striking reverse faults separating the Vindhyan 

basin from the Archean craton of northwestern India (Harris, 1993; Srivastava and Sahay, 2003; 

Prasad and Rao, 2006). Using field observations and fluid inclusion chemistry, Srivastava and 

Sahay (2003) determined that the Great Boundary fault predates the Vindhyan group rocks and 

has reactivated three times since the Mesoproterozoic (Harris and Beeson, 1993; Prasad and Rao, 

2006); the first and second are inferred to have occurred in the Neoproterozoic (between 900–750 

Ma), and the third is thought to be younger than 750 Ma  (Srivastava and Sahay, 2003) and 

continues to the present (Rao, 2000; Godin and Harris, 2014). 

The Narmada-Son-Brahmaputra lineament represents a Paleoproterozoic (Verma and 

Banerjee, 1992) deep crustal structure crossing the Indian continent and defining an east-

northeast Mesoproterozoic dextral wrench system (Harris and Beeson, 1993). North of the 

lineament, Deccan Trap basalts rest directly on top of Vindhyan sedimentary rocks; to the south, 

the basalts rest on Gondwana group sedimentary rocks and the Vindhyan sequence is absent 
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(Choubey, 1971). The two zones are separated by an unconformity representing a marginal basin 

surrounding the Bundelkhand craton filled with 2.0–1.4 Ga volcano-sedimentary rocks of the 

Bijawar Group (Gokarn et al., 2013). Choubey (1971) suggest that the lineament overlies an 

ancient mantle lineament that has controlled deposition of Vindhyan and Gondwana sediments 

and tectonic features of the surrounding basins throughout their history. 

The major south-directed Himalayan thrusts, the Main Frontal thrust, Main Boundary 

thrust, and Main Central thrust, all sole into a common décollement, the Main Himalayan thrust 

(Figure 3.2; Hauck et al., 1998). The South Tibetan detachment system, a north-directed, low-

angle ductile shear zone and normal fault system delineating the upper boundary of the Greater 

Himalayan sequence, initiated at ca. 35 Ma (Lee and Whitehouse, 2007) and remained active in 

the early Miocene (ca. 22–19 Ma), coeval with movement on the Main Central thrust (Harrison et 

al., 1995; Hodges et al., 1996; Godin, 2003; Godin et al., 2001; 2006). Northwest–southeast-

striking transverse faults accommodate east–west movement in the system, the largest of which is 

the > 1000 km long Karakorum fault (ca. 18 Ma; Hodges, 2000). Recently, Murphy et al. (2014) 

suggested that the Karakorum fault links into the Himalayan foreland as a dextral shear system 

called the Western Nepal Fault System (Figure 3.1a). Pervasive faults of a north–south-trending 

graben system are associated with east–west extension in the upper crust in southern Tibet 

initiated at ca. 15–13 Ma (Turner et al., 1993; Coleman and Hodges, 1995). This orogen-parallel 

extensional system has been linked to oroclinal bending (Klootwijk et al., 1985; Ratschbacher et 

al., 1994; Bendick and Bilham, 2001), gravitational instability of Tibet (Molnar and Tapponnier, 

1978; Molnar and Chen, 1983; Coleman and Hodges, 1995), oblique convergence (McCaffrey 

and Nábělek, 1998; Seeber and Pêcher, 1998; Styron et al., 2011), radial spreading of Tibet 

(Avouac and Tapponnier, 1993; Copley and McKenzie, 2007; Cook and Royden, 2008), plastic 
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flow in the mid-crust (Burchfiel et al., 2008; Royden et al., 2008), and tearing of the Indian 

lithosphere slab (Chen et al., 2015). 

3.4 Previous modelling of basement reactivation 

The presence of basement structures and their role in localizing deformation in overlying 

sequences has been documented in Papua New Guinea (Corbett and Leach, 1997; Glen and 

Walshe, 1999; Hill et al., 2002; Hill and Hall, 2003; 2010; Gow and Walshe, 2005; Lund, 2008), 

the Makassar Straits near Borneo (Gartrell et al., 2005), the Andean margin in Argentina 

(Chernicoff et al., 2002), the Appalachians (Konstantinovskaya et al., 2009; Dufréchou and 

Harris, 2013; Dufréchou et al., 2014), Taiwan (Lu et al., 1998), Australia (Byrne and Harris, 

1992), and the Himalayan system (Goswami, 2012; Farzipour-Saein et al., 2013; Godin and 

Harris, 2014). Interpretations of the influence of the reactivation of these structures have been 

based on field observations (Byrne and Harris, 1992; Corbett and Leach, 1997; Glen and Walshe, 

1999; Hill et al., 2002; 2010; Hill and Hall, 2003; Gow and Walshe, 2005; Lund, 2008; Goswami, 

2012), geophysical data (Chernicoff et al., 2002; Konstantinovskaya et al., 2009; Dufréchou and 

Harris, 2013; Dufréchou et al., 2014; Godin and Harris, 2014), sandbox modelling (Richard, 

1991; Richard et al., 1995; McClay and Dooley, 1995; Lu et al., 1998; Gartrell et al., 2005; 

Konstantinovskaya et al., 2009; Farzipour-Saein et al., 2013), numerical modelling (Saltzer and 

Pollard, 1992; Finch et al., 2004), and centrifuge analogue modelling (Koyi, 1991; Koyi and 

Petersen, 1993; Faisal and Dixon, 2014). 

Previous analogue experimental studies have examined the influence of inherited 

basement faults and/or steps in extensional systems (Koyi, 1991; Saltzer and Pollard, 1992; Koyi 

and Petersen, 1993; McClay and Dooley, 1995; Higgins and Harris, 1997, Harris and Koyi, 

2003), compressional systems (Lu et al., 1998; Finch et al., 2004; Konstantinovskaya et al., 2009; 
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Farzipour-Saein et al., 2013), a combination of both (Gartrell et al., 2005), and strike-slip systems 

(Richard, 1991; Richard et al., 1995). Studies of basement fault controls on sediment thickness 

(Farzipour-Saein et al., 2013), overburden deformation pattern (Saltzer and Pollard, 1992; 

McClay and Dooley, 1995), fault, fold, and diapir localization (Koyi, 1991; Richard, 1991; Koyi 

and Petersen, 1993; Richard et al., 1995; Higgins and Harris, 1997; Harris and Koyi, 2003; Finch 

et al., 2004; Gartrell et al., 2005; Konstantinovskaya et al., 2009), and orogenic arc shape (Lu et 

al., 1998; Faisal and Dixon, 2014) all found that the basement structures had a significant 

influence on deformation localization in overlying strata. Farzipour-Saein et al. (2013) argue that 

variation in sediment thickness is more important for controlling deformation along a fold-thrust 

belt than reactivation of basement faults alone, although the variation in sediment thickness seems 

originally controlled by inherited basement topography.  

Modelling studies concerning compressional systems by Lu et al. (1998) and 

Konstantinovskaya et al. (2009) looked exclusively at deformation in the upper crust over 

inherited basement structures, without considering the influence of the mid-crust or a higher 

viscosity lower crust. Farzipour-Saein et al. (2013) looked at basement step topography rather 

than inherited faults, and fault offset was therefore not examined. Gartrell et al. (2005) examined 

an inverted rift system; pre-cut faults were simulated, but the system was initiated as an 

extensional system and shortening was forced in a subsequent stage. Finch et al. (2004) modelled 

fault propagation folding in an isotropic cover sequence above rigid basement fault blocks. In 

contrast to these previous studies, this paper simulates inherited faults pre-cut into a high 

viscosity lower crust analogue, above which lie a mechanically layered mid-crust analogue and a 

brittle upper crust analogue. This model configuration is similar to a 1 g modelling study by 

Higgins and Harris (1997), which examined map-view fault patterns developed in the overburden 
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above reactivated basement faults during extension. A basal ductile layer was incorporated into 

some models to determine the influence of decoupling between the ductile layer and the 

overburden (Higgins and Harris, 1997).  

3.5 Experimental approach 

Centrifuge analogue modelling is considered an effective means to simulate the effects of 

basement fault reactivation on overlying ductile, semi-ductile, and brittle strata as it: 

1. enables viscous and plastic materials to be used in the same model to replicate 

deformation at different levels in the crust (Ramberg, 1973; 1981; Dixon and 

Summers, 1985; Hill et al., 2010); 

2. achieves dynamic scaling by accounting for body forces (Hubbert, 1937; Ramberg, 

1967a,b; 1973; 1981; Weijermars and Schmeling, 1986, discussed in section 3.4.2), 

which important when viscous and brittle materials are used together; 

3.  allows the use of more viscous modelling materials, which are easier to manipulate 

to scale deformation of the mid- and upper crust than those used in normal gravity 

experiments (Ramberg, 1967a,b; 1981; Weijermars and Schmeling, 1986). 

For these reasons, we have chosen centrifuge analogue modelling to simulate reactivation 

of basement faults in the Indian crust. A detailed explanation of the centrifuge method is provided 

by Ramberg (1981) and Dixon and Summers (1985). 

3.5.1 Scaling 

Models are scaled to represent the conditions during early collision of the Indian plate 

with the Eurasian plate. Scaling of dynamic, geometric, and rheological properties is achieved by 

scaling the gravitational stress (σ*) using the equation: 

∗ ∗ ∗ ∗        (1) 
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where , , and  are density, gravity, and length, respectively, and the asterisk denotes the 

dimensionless ratio between the model and the prototype (Ramberg, 1967a; Dixon and Summers, 

1985). The length-scaling ratio between the model and the prototype chosen for this study is: 

∗ 1 10        (2) 

where  represents the length in the model and  represents the length in the prototype; 1 mm in 

the model represents 1 km in the prototype (Ramberg, 1967b; Dixon and Summers, 1985; 

Yakymchuk et al., 2012). Scaling ratios for density, stress, time, acceleration, velocity, and 

effective viscosity are shown in Table 3.3. Ratios were calculated based on material viscosity, the 

style and timing of deformation in the prototype, and previous modelling studies from the same 

facility using similar materials (Godin et al., 2011; Harris et al., 2012b; Yakymchuk et al., 2012). 

3.5.2 Material properties and preparation 

Models are constructed to mimic the prototype area of northern India (discussed in 

Section 3.3). Simplified prototype stratigraphy consists of a rigid basement, ductile melt-

weakened lower crust, semi-ductile mid-crust of undeformed flat-lying sedimentary rocks, and an 

upper sedimentary brittle crust (Figure 3.3). Analogue materials mimic this stratigraphy and 

consist of very stiff modelling clay, a low-viscosity silicone putty, microlaminates of silicone 

putty and plasticine, and synthetic, naturally cohesive sand. A parallel-plate rheometer was used 

to constrain the viscoelastic behaviour of the modelling materials under low strain rates (see 

Chapter 2; Table 3.4 and Figure 3.4). Materials used are similar to those of previous centrifuge 

modelling studies (Dixon and Summers, 1983; 1985; Dixon and Tirrul, 1991; Koyi, 1991; Harris 

and Koyi, 2003; Corti, 2004; Hill et al., 2010; Godin et al., 2011; Yakymchuk et al., 2012), with 

the addition of rigid modelling clay (Chavant™ Y2 Klay) for the basement craton and cohesive, 

synthetic sand (Moon Sand™ by Delta of Sweden™) for the brittle upper crust. 
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Table 3.3 

Scaling properties of models and prototypes used in this study. 

Subscripts ‘m’ and ‘p’ denote model and prototype, respectively. 
a An acceleration of 1000 g was selected based on the viscosity of the materials, length scaling  
  ratio, and previous studies using similar materials and scaling ratios (Godin et al., 2011; Harris et  
  al., 2012b; Yakymchuk et al., 2012). 
b An average viscosity of the models at experimental strain rates of c. 5.0 10  s-1 based on  
  individual material viscosities and amount present in model 
c Based on field and experimental studies (Meissner and Mooney, 1998; Talbot, 1999; Bürgmann  
  and Dresen, 2008) 
d Time model spends at speed, does not include run up or slow down time 
e Back calculated; expected time interval in prototype based on time scaling ratio equation 
f Expected velocity in model based on prototype velocity and velocity scaling ratio; equivalent to       
  5.61 mm shortening per stage of deformation (0.02 mm/s  300 s). 

 g Based on paleomagnetic data (Molnar and Tapponnier, 1975; Klootwijk et al., 1992; Wesnousky  
  et al., 1999) averaged to 48 mm/year (equivalent to 1.52 10  mm/s)  

Quantity Model Prototype Scaling Ratio 

Length Ratio 1 mm 1 km 1 10  

Density (bulk) (kg/m3) 
Brittle Upper Crust  

 
Layered Substrate 

 
Ductile Substrate 

      
Rigid Basement 

 
1521 

 
2800 0.54 

 

1062 2600 0.41 

1068 2600 0.41 

1097 2650 0.41 

Average Density 1187 2663 0.44 

Acceleration (g) 1000 a 1 1000 

Viscosity (Pa  s) 2.62 10  b 7.24 1020 c 3.61 10  

Time 300 s d 0.12 My e 8.13 10  

Velocity (mm/s) 0.02 f 1.52 10  g 1.23 10  
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Figure 3.3 

Moving from prototype to analogue: far left column shows generalized lithosphere strength profile, corresponding to prototype lithology in column 
2. Geometric scaling is 1 mm=1 km moving from prototype to model. Schematic column shows a simplified column with layer rheology. Model 
column is a photograph of a multilayer model complete from lowest crust (Archean basement) to brittle upper crust, based on northern India.  Note 
that the depth of each layer is an average and may vary slightly model to model. 
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Table 3.4  

Rheological properties of modelling materials used in this study. 

 a At experimental strain rates of c. 5.0 10  s-1

Model material Prototype Effective viscosity 
(Pa  s)a 

Bulk density 
(kg/m3) 

Brittle Upper Crust 
 

Delta of Sweden™  
Moon Sand™ 

Uppermost lithified section of sedimentary cover sequence 
 

Competent upper crust 
e.g. sandstone 

 

-- 1521 
 

Microlaminates 

 
Dow Corning® 3179      
Dilatant Compound (DC 
3179) 
 
Demco® Modelling Clay 
(DMC) 
 
Demco® Modelling Clay 
(60%) with Crayola® 
Model Magic (40%) 
(DMC-60) 
 
Layered package 
average (using 3:1:6 
ratio) 

Sedimentary cover sequence (large hot orogens and deeper levels 
of fold-thrust belts) 

Weak ductile crust 
e.g. shale 

5.6 10 	 1177 
	

Competent ductile crust 
e.g. quartzite or 
carbonate 

8.0 10  
 

1625 
 

Weak ductile crust 
e.g. impure quartzite or 
marl 

2.5 10  
 

1006 
 

 2.5 10  
 

1062 
 

Ductile substrate 
 
Crazy Aaron’s Thinking 
Putty® (CATP) 

Large hot orogens 
 

Melt-weakened lower 
crust 1.3 10  

 
1068 

 

Rigid basement 
 

Chavant™ Y2 Klay 
(Y2K) 

Base of crust below sedimentary cover 
 

Precambrian gneiss 5.1 10  
 

1097 
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Figure 3.4 

Flow properties of Chavant™ Y2 Klay modelling clay (Y2K), Demco® modelling clay brown 
(DMC BR) and green (DMC GR), Dow Corning® Dilatant Compound 3179 (DC-3179), and 
Crazy Aaron’s Thinking Putty™ cyan (CATP CY) and amethyst (CATP AM), compiled from 
previous work (see Chapter 2). Colours used in this study differ: CATP red and DMC blue were 
used, but properties of those two materials in the colours tested are similar, as shown on the 
graph, and taken to be representative of other colours. Change in effective viscosity (η) is plotted 
against strain rate ( ). Measured data points are extrapolated using the Cross Model for non-
Newtonian fluids, represented by the dashed lines; see Chapter 2 section 2.4.1.3 for more 
information on this mathematical model. The extrapolation was necessary because the lower 
strain rate limit of the APA 2000 rheometer is 0.1 Hz (0.63 s-1), and analogue centrifuge models 
are routinely exposed to strain rates several orders of magnitude lower. The extrapolation shows 
that all materials have reached their lower Newtonian region by ca. 0.5 x 10-2 s-1 and maintain 
their effective viscosity below this point. The grey shaded area shows the area of constant 
effective viscosity for the materials tested.  The vertical dashed line shows the approximate strain 
rate that materials are subject to in this study (ca. 5.0 x 10-4 s-1), well within the lower Newtonian 
region of all samples. Error bars do not show on the plot due to scale, but values are based on the 
sum of errors found using the Cross Model equation, reported in Table 2.3 and range from ± 
0.01–0.05. Results were obtained with an Alpha Technologies Advanced Polymer Analyzer 2000 
rheometer in the Chemical Engineering Department at Queen’s University, Kingston Ontario. 
See Chapter 2 for full description and methods of rheological tests. 
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The density and effective viscosity of each material is scaled to the intended prototype 

layer; viscosity curves for materials used in this study are shown in Figure 3.4, model geometries 

and compositions are shown in Figure 3.5. Density, viscosity, length of the models, and 

acceleration of the centrifuge are known parameters that the timing and velocity ratios are based 

on. Viscosity, length, density, and acceleration ratios are used to calculate time ratio ( 8.2

10 ; Table 3.3). Using this ratio, 300 s in the centrifuge (one stage) represents 0.12 My in the 

prototype. Timing and length ratios were used to calculate the velocity ratio ( 1.23 10 ; 

Table 3.3). Using this ratio and an average velocity of 48 mm/year (1.52 10  mm/s) for the 

prototype (Molnar and Tapponnier, 1975; Klootwijk et al., 1992; Wesnousky et al., 1999), the 

velocity in the models is anticipated to be 0.02 mm/s, or 6.0 mm of shortening per cycle. 

A brittle upper crust analogue has not historically been used in centrifuge analogue 

modelling because of the difficulty for a material to be: 

(i) cohesive enough to remain in place in models tilted vertically or sliced 

sequentially following each stage of extension or compression to observe 

internal deformation; 

(ii) able to develop normal and thrust faults with or without an oblique component 

in extension and/or compression. 

Some past studies have used quartz sand mixed with various binding agents (paraffin wax and 

oil) with some success (Mulugeta, 1988; Koyi and Petersen, 1993; Corti, 2004). The density of 

the quartz sand, however, is greater than the underlying materials, which may trigger unwanted 

Rayleigh-Taylor instabilities (i.e. ascending diapirs). Moon Sand™, a synthetic, naturally 

cohesive, sand-like granular material with a density of 1521 kg/m3, is used here to simulate the 

brittle upper crust (see Chapter 2 for a detailed description of its material properties). 
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Moon Sand™ is rolled by hand on a heated granite slab to increase cohesion and 

transferred to an overhead transparency plastic film to cool. For visual differentiation of 

structures, three thin layers of different colours are rolled individually and stacked together. 

The succession of carbonate and clastic sedimentary rocks beneath the Indo-Gangetic 

Plain is represented by microlaminates of Demco® modelling clay alone or mixed with low 

density Crayola® Model Magic (simulating competent, semi-ductile rocks), and Dow Corning® 

Dilatant Compound 3179 (simulating incompetent pelitic and semi-pelitic layers). 

Microlaminates are constructed using the rolling and stacking method employed by Dixon and 

Summers (1985), but an electric dough break is used instead of rolling the layers by hand (see 

Yakymchuk et al., 2012; Figure 3.6). Crayola® Model Magic is mixed with Demco® at a 40:60 

ratio by wt% for some layers to decrease the overall density of the layered package (Yakymchuk 

et al., 2012). 

Figure 3.5 

Block diagrams showing model configurations and compositions. Materials and thicknesses are 
described in section 3.4. Red dashed lines show the surface trace of the basement fault. The 
black dashed lines around the collapsing wedge indicate that it does not have a fixed dimension, 
the wedge is built to collapse under radial centrifugal force (representing gravity), putting 
pressure on the rigid plate which distributes this force evenly to induce deformation and 
shortening progressively southward, representing the style of deformation in the prototype. If the 
wedge was situated at the south of the model, to act as India ‘pushing’, deformation would 
nucleate in the south and progress north, which is inconsistent with the prototype. (a) Basement 
geometry for models showing pre-cut fault orientation and paleo-rift topography in basement 
layer. (b) Model series ‘A’, representing early stage collision, ca. 40 Ma. Moon Dough™ at the 
south end allows the basement block to move and the fault to offset. (c) Model series ‘B’, 
representing later stage collision, ca. 15 Ma. The foam abutment is shown at the south end, 
resting on top of Moon Dough™. The foam forces the mid- and upper crust to shorten as the 
basement block moves to displace the Moon Dough™, representing subduction of the Indian 
crust and the resultant deformation in the overlying layers. Total model size is 200 x 80 mm and 
26–28 mm in height. Y2K: Chavant™ Y2 Klay modelling clay; DC: Dow Corning® Dilatant 
Compound 3179; DMC: Demco® modelling clay; DMC-60: Demco® modelling clay mixed 
60:40 by wt% with Crayola® Model Magic. 
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c d
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Figure 3.6 

The layered substrate is assembled using a standard cut, stack, and roll technique. Materials are 
Dow Corning® Dilatant Compound 3179 (peach), Demco® modelling clay (navy blue), and 
Demco® modelling clay mixed 60:40 by wt% with Crayola® Model Magic (green or maroon). 
Modelling materials and methods are discussed in section 3.5.2 (a) Layers are rolled to their initial 
thicknesses to maintain viscosity ratios and stacked in a predetermined order. Two packages are 
stacked together. (b) The whole stack is rolled to half its original size, cut in half (two halves 
shown), and stacked back together. (c) After one round of rolling, cutting, and stacking layers are 
half as thick as they were originally. (d) Packages are rolled using a mechanical dough roller to 
ensure even pressure and rolling speed, preserving the mechanical properties of the materials. (e) 
After three rounds of rolling, cutting, and stacking layers are a fraction of their original thickness. 
(f) Slices of the layered substrate at each stage of rolling to show the change in number and 
thickness of layers. The final thickness of the layers ensures the model shortens and folds in the 
style of the prototype. Labels are 20 x 10 mm; each small box is 1 mm. 
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Overall thickness of the microlaminate package is 10–12 mm, and individual layer 

thickness varies slightly between models due to construction imperfection. The rheological 

effects of these slight variations are interpreted to be minor compared to the behaviour of the 

package as a whole. The average density of the layered package is 1062 kg/m3 and the effective 

viscosity is ca. 2.5 10  Pa  s (Table 3.4). 

 The stratigraphically lowest section of the cover sequence has been imaged geophysically 

and interpreted to be ductile (Royden et al., 2008; Basuyau et al., 2013). Crazy Aaron’s Thinking 

Putty™, a silicone putty with material properties similar to Rhodorsil Gomme Silbion (described 

by Weijermars, 1986; Hailemariam and Mulugeta, 1998), was chosen as an analogue for this 

ductile mid-crust layer. Crazy Aaron’s Thinking Putty™ ranges in density from 1050–1080 kg/m3 

depending on the colour; for models in this study red putty is used, which has a measured density 

of 1068 kg/m3 and an effective viscosity of ca. 1.3 10  Pa  s (Table 3.4). The effective 

viscosity of this ductile layer is an order of magnitude lower than the layered sequence above, 

which is considered an acceptable approximation of the viscosity contrast that exists in nature 

between the upper crust and the ductile mid-crust (Rosenberg and Handy, 2005; Copley and 

McKenzie, 2007; Copley, 2008; Copley et al., 2012). 

 The basal layer of all models in this study is composed of dark brown Chavant™ Y2 

Klay modelling clay, a rigid, low-density modelling clay considered effectively immobile at the 

time scale and strain rate used in this study due to its high effective viscosity and the dominance 

of the storage modulus (indicating that the material is behaving elastically; see Chapter 2 and 

Table 3.4). The measured density of the modelling clay is 1097 kg/m3 and the effective viscosity 

is ca. 5.1 10  Pa  s (Table 3.4). This effective viscosity is several orders of magnitude larger 
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than the overlying layers, and the clay is considered to behave as a rigid block analogous to the 

high viscosity rigid underplated Indian crust (> 1023 Pa  s; Copley et al., 2012; Craig et al., 2012). 

The modelling clay is softened in a microwave oven and rolled by hand to the desired thickness. 

At the north end of the basement block, paleo-rift topography is cut into the basement to nucleate 

folds and thrusts during shortening and simulate the deformation style of the prototype. 

Additionally, one fault is pre-cut into the basement block of each model, representing a bounding 

fault of the Bundelkhand craton (Figure 3.7a,b). Based on geophysical data discussed above and 

the recent study by Godin and Harris (2014), the fault is oriented striking 040°–050° and dipping 

70°–80° to the southeast. The fault surface and the paleo-rift topography are then coated with a 

thin layer of silicone plumber’s grease to facilitate movement and simulate fluid lubrication in 

nature. The rigid base of each model is placed on 1–2 mm of Dow Corning® 3179 to prevent 

friction with the drum of the centrifuge and facilitate movement.  

Materials used in this study to emulate the mid-crust exhibit linear Newtonian flow 

behaviour at low experimental strain rates (ca. 	 10  s-1). The effective viscosities listed in 

Table 3.4 represent the maximum effective viscosity (Barnes et al., 1989; Steffe, 1996) for each 

material and are assumed to remain constant during deformation. The two exceptions to this are 

the brittle upper crust, represented by the Moon Sand™, and the rigid basement craton, 

represented by the Y2 Klay. The Moon Sand™ is interpreted to behave in a purely brittle manner 

due to its composition and the Y2 Klay is considered rigid because of its high viscosity (see 

Chapter 2). 
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Figure 3.7 

(a and b) The basement block showing the pre-cut fault and the paleo rift topography. The fault 
is cut striking 040º–050º and dipping 70–80º to the southeast (based on Bouguer gravity 
interpretations by Godin & Harris, 2014) and the paleo rift topography is ca. 4–5 mm elevation 
change. White dashed lines and dip lines show dip direction of fault. (c) A view of the bottom of 
the basement block showing the location of the Moon Dough™. This model has completed four 
cycles of shortening and offset can be seen along the basement fault (sinistral-normal). The east 
block is indenting the Moon Dough™ at the south end, allowing movement along the fault. In 
(a), (b), and (c) the ruler for scale is in cm; HW: hanging wall, FW: footwall. (d) The model 
configuration for later stage collision (models 35 & 36). Moon Dough™ at the south end of the 
basement block allows movement along the fault while the foam abutment prevents the mid- and 
upper crust layers from moving with the basement and forces shortening; this configuration is 
intended to mimic subduction of the Indian crust and deformation in the overlying layers. The 
paleo rift topography can be seen at the north end of the model against the rigid plate. Y2K: 
Chavant™ Y2 Klay modelling clay; CATP: Crazy Aaron’s Thinking Putty™; DC: Dow 
Corning® Dilatant Compound 3179; DMC: Demco® modelling clay; DMC-60: Demco® 
modelling clay mixed 60:40 by wt% with Crayola® Model Magic. 

b

c

d

a

N

FW

HW

N

FW

HW
N

FW

HW

Moon Dough™

M
o

o
n

 D
o

u
g

h
™

rigid plate

N
10 mm



 

 

 

104

3.5.3 Limitations 

The geometries of the models are a necessary simplification of the natural system; 

models are intended to provide an example of deformation evolution and produce insights into the 

development of the prototype. The rheology of rocks is dependent on temperature, confining 

pressure, strain rate, and pore and fluid pressure, and consequently not well constrained in nature. 

The prototype is simplified into a four-layer model representing the lower, middle, upper semi-

ductile, and upper brittle crust separated by abrupt interfaces. Analogue materials display 

viscosity contrasts considered to be a good approximation of rock behaviour in nature (Bürgmann 

and Dresen, 2008). 

Natural heterogeneities and inherited strength anisotropies, which may locally affect 

stress fields and resulting structures, cannot be accounted for in idealized models. Construction 

imperfections introduce minor heterogeneities in the ductile and semi-ductile layers and help 

nucleate structures simulating natural deformation processes. 

3.5.4 Model preparation and deformation 

The PR-700 centrifuge (modified for physical modelling by the Bureau of Economic 

Geology, University of Texas at Austin) at the Institut national de la recherche scientifique, 

Centre – Eau Terre Environnement (INRS-ETE) in Quebec City, Quebec is capable of subjecting 

models up to 200	 	80 mm in plan by 50 mm thick to accelerations exceeding 8000 g and is 

temperature controlled (described by Yakymchuk et al., 2012). For this study, models are 

deformed at 1000 g and 25° C. An acceleration of 1000 g was selected based on the materials, 

geometric scaling ratio ( 1 10 ), and previous studies using similar materials and scaling 

ratios (Godin et al., 2011; Harris et al., 2012b; Yakymchuk et al., 2012). 
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Materials for each layer (brittle upper, layered middle, ductile lower, and rigid basal) are 

rolled to the desired thickness individually and stacked sequentially on a curved base. The Y2 

Klay block is heated in a microwave oven to facilitate bending onto a curve; the ductile substrate 

and microlaminate layers are placed on top and allowed to curve naturally under normal gravity. 

The brittle Moon Sand™ layers are rolled individually, stacked together on an overhead 

transparency plastic film, and carefully transferred to the top of the layered package. Light 

uniform pressure on the top of the completed model ensures binding of the layers. Crazy Aaron’s 

Thinking Putty™ has a tendency to flow under normal gravity at room temperature, so the sides 

of the model are coated with a thin layer of silicone plumbers grease and covered with a  1 mm 

thick layer of Demco® to limit lateral flow. The sides of the completed model are then coated in a 

thin layer of silicone plumber’s grease and encased in thin flexible plastic to minimize boundary 

effects. A 1 mm strain marker grid is stamped on the top of the model with ink and the completed 

model is photographed. 

Shortening is initiated using a collapsing wedge of Dow Corning® 3179 mixed with 

Demco® (after Dixon and Summers, 1985; Dixon and Tirrul, 1991; Yakymchuk et al., 2012) ca. 

80	 	30 mm in plan. The wedge is confined on four faces and is free to collapse vertically and 

spread parallel to the long axis of the model. A weighted nylon plate is placed between the wedge 

and the model to provide an equal distribution of force through the back face of the model (Figure 

3.5 and Figure 3.7d). To equilibrate radial pressure gradients and maintain an equipotential 

surface, the wedge collapses behind the model and induces layer-parallel shortening as it forces 

the nylon plate towards the model.  

The rigidity of the modelling clay used as a basement analogue causes the system to lock 

if the basement block is the full length of the model chamber. As a result, the basement block has 
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to be cut shorter than the model chamber to prevent locking and allow shortening. In models built 

to simulate early onset collision (ca. 10 Myr after initial collision) the south end of the block is 

cut 10–20 mm shorter than the overlying materials and the space is filled with a low density, 

foam-like material called Moon Dough™ (Figure 3.7c). When Moon Dough™ is packed tightly, 

it does not compress. If it is packed lightly, it will compress and allow the model to move into the 

space created. In this way, Moon Dough™ acts as a block and can be used to control shortening 

in the centrifuge. The oblique orientation of the pre-cut basement fault necessitates a thin layer of 

Moon Dough™ on the western side of the model to allow the basement fault to move laterally; 

without this accommodation, the basement layer would move as one solid block. 

Models built to simulate later stage collision (ca. 35 Myr after initial collision) 

incorporate both north–south shortening and east–west extension, representing the onset of plastic 

flow in the lower crust beneath the hinterland of the prototype (Burchfiel et al., 2008; Royden et 

al., 2008). To facilitate shortening in the mid- and upper crust, a stiff foam block 60	 	80 mm in 

plan view and 25 mm tall is placed at the south end of the model resting on top of a 60	 	80 mm 

in plan by 10 mm tall layer of Moon Dough™. The rigid foam block acts as a vertical abutment 

to the ductile, microlaminate, and brittle layers during shortening while the Moon Dough™ 

underneath allows the basement layer to move, simulating subduction of the lower crust coeval 

with shortening in the upper layers (Figure 3.7d).  

The collapsing wedge is situated at the north end of the model to ensure deformation 

progresses north to south, as it does in the prototype. The basement block ‘subducting’ at the 

south end of the model, however, creates a sense of shear in the model that is opposite to that of 

the prototype (prototype is top-to-the-south, model is top-to-the-north). The intent of this study is 
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to observe potential interaction between a reactivated basement fault and the brittle upper crust, 

and as such the opposite sense of shear is deemed irrelevant.  

To allow east–west extension in these models, the west side of each model is also cut 

smaller than the chamber and the ca. 10 mm of space is filled with Moon Dough™ (Figure 3.7c). 

Some of the Moon Dough™ is removed after each stage in the centrifuge to allow further 

shortening and orogen-parallel extension. This configuration means that deformation in models of 

this study, unlike most centrifuge models, is not plane strain. 

The completed model, nylon plate, wedge, and encasing plastic are weighed before being 

placed vertically in the centrifuge chamber. A counterweight is inserted in the chamber opposite 

the model to maintain balance (Figure 3.8a,b). Each model is run for 4–6 stages and the 

collapsing wedge is rebuilt each time. One stage lasts for 300 s with a run-up time of 60 s and a 

run-down time of 420 s. After each stage, the top of the model is photographed to document 

brittle deformation. Some models were sliced vertically between stages, parallel to the shortening 

direction, at 5 mm increments from the eastern edge to be photographed, while others were 

imaged using computed tomodensitometry. 

3.5.5 Computed tomodensitometry 

A computed tomodensitometry (CT) scanner was used to image models in 3D, removing 

the risk of creating heterogeneities commonly introduced during serial slicing following each 

stage of shortening. CT imaging consequently ensures progressive deformation is not a product of 

introduced planes of weakness. 
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Figure 3.8 

Completed models are deformed in the centrifuge  
at the Institut national de la recherche scientifique,  
Centre – Eau Terre Environnement in Quebec City  
and then scanned at the same institution in the  
Laboratoire multidisciplinaire de tomodensitométrie pour les ressources naturelles et le génie 
civil in a Siemens SOMATOM Definition dual source x-ray computed tomography (CT) 
scanner. (a) A complete model, inserted vertically in the chamber of the centrifuge. (b) The 
model (top left) and the counterweight (bottom right) in the centrifuge drum ready to be 
deformed. (c) Two models can be scanned simultaneously in the CT scanner. A single scan takes 
about 2 minutes and models are scanned between each stage of deformation. Marking tape is 
used to ensure placement is identical between scans, allowing 4D analysis. (d) A schematic 
diagram of the configuration of the dual source CT scanner; A and B are the two source tubes 
with respective detectors, each mounted 90º from each other. One detector covers a typical 
measurement field of 50 cm while the other detector covers a smaller field of 26 cm to maintain 
compact system geometry (modified from Petersilka et al., 2008). 
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3.5.5.1 Principles of CT scanning 

CT scanners use gamma- or X-rays to produce a 3D image based on density contrasts; in 

this study, X-rays are used. The X-ray interacts with the sample in four ways: Raleigh (coherent) 

scattering, photoelectric effect, Compton scattering, and pair generation (Siegbahn, 1968). As the 

thin X-ray beam passes through the object being scanned, it is attenuated according to Beer’s law: 

        (3) 

where  is the integral current of incident photons,  is the integral current transmitted by the 

sample,  is the linear attenuation coefficient of the sample, and  is the sample width (Duliu, 

1999). The linear attenuation coefficient depends on the effective atomic number ( ), density 

( ) of the object, and X-ray energy (measured in kiloelectronvolts, keV). In present-day CT 

scanners the X-ray energy range only permits coherent scattering, photoelectric effect, and 

Compton scattering. The X-ray energy is pre-selected, and above 100 keV Compton scattering is 

dominant and the linear attenuation coefficient depends only on the density of the material and 

not its material composition (Duliu, 1999); the CT scans in this study used X-rays at 140 keV. 

Compton scattering, and the resulting Compton effect, is the decrease in energy (increase in 

wavelength) of the X-ray photon after it interacts with the electrons of the sample (Siegbahn, 

1968).  

  CT scanners consist of one or more sources (X-ray tube) and collimated detectors fixed 

on a large ring, which rotates around the object being scanned (Figure 3.8c,d). An onsite 

processing unit acquires data from the collimated detectors and performs reconstruction 

calculations using several algorithms (filtered back projection, algebraic reconstruction, iterative 

least squares, and 2D Fournier transform; see Duliu, 1999). Materials with higher attenuation 

coefficients (higher density) are lighter than those of lower attenuation coefficients (Duliu, 1999). 
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3.5.5.2 CT scanning in physical modelling 

CT scanning has been used with success to image sand (Colletta et al., 1991; 

Konstantinovskaya et al., 2007), plasticine (Zulauf et al., 2003; Zulauf and Zulauf, 2005), and 

silicone (Konstantinovskaya et al., 2007) layers in 1 g modelling. Imaging thin layers of similar 

density is difficult because of the minor differences in attenuation coefficients. For this reason, 

CT scanning has not been widely used in analogue models composed entirely of cohesive 

modelling clays and silicone putties. Poulin (2008) developed techniques for imaging multilayer 

models containing semi-ductile and ductile materials, which were applied to physical models of 

diapir emplacement (Konstantinovskaya et al., 2008), channel flow (Harris et al., 2012), and 

deformation in thick skinned orogenic systems (Yakymchuk et al., 2012). 

In this study, the progressive deformation of four models are documented using a 

Siemens SOMATOM Definition AS at INRS in the Laboratoire multidisciplinaire de 

scanographie pour les ressources naturelles et le génie civil. Models are scanned in the same 

orientation and location following each stage of shortening, allowing temporal reconstruction of 

deformation. Ultra Green Glow in the Dark Powder™ from Glow Inc.®, a strontium aluminate-

europium powder (composed of a proprietary combination of Al2O2–SrCO3–Eu203–Dy203–TiO2), 

is added to some layers of Dow Corning® 3179 in the microlaminate package to enhance image 

contrast (ca. 4 wt%). This method was developed by Poulin (2008) and used successfully in 

centrifuge physical models (Konstantinovskaya et al., 2008; Harris et al., 2012; Yakymchuk et 

al., 2012) and 1 g models (Konstantinovskaya et al., 2007). The Glow powder reduces the energy 

of reflected of X-rays, using the Compton effect to mimic greater density contrast with a 

negligible effect on the dynamic properties of the putty (Poulin, 2008; Yakymchuk et al., 2012). 
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Initial data acquisition is performed onsite, and further image analysis and processing is 

conducted using OsiriX medical imaging software (Rosset et al., 2004). 3D images are 

constructed by interpolating between individual slices (ca. 350–450 per model) using the volume-

rendering tool in OsiriX. Images are optimized using specialized colour ramps to enhance and 

highlight features of each model; in some cases, layers are removed to show interaction between 

other layers. 

3.6 Results 

Four final models show localization of structures in the upper crust above a reactivated 

basement fault; two models represent the prototype during early development (ca. 10 Myr after 

initial collision; 45–40 Ma) and two models represent the prototype during later stage 

development (ca. 35 Myr after initial collision; 20–15 Ma). The layer composition of all four 

models is the same (section 3.5.2) but shortening is accommodated differently (section 3.5.4). 

3.6.1 Early-onset collision 

Two models (32 and 34) were built to mimic the prototype Himalayan system at ca. 10 

Myr after initial collision. The foreland fold-thrust belt wass in the early stages of development, 

and deformation in the upper crust as a response to north–south convergence of India and Eurasia 

was dominantly strike-slip. Movement along the basement fault in these models is controlled with 

Moon Dough™ at the south end and western edge (north is defined as the end with the collapsing 

wedge in all models, Figure 3.5), a portion of which is removed after each stage of shortening to 

continually allow the basement to slip and prevent locking. Model 32 has 10 mm of Moon 

Dough™ at the south end and 5 mm at the western edge; model 34 has 15 mm at the south end 

and western edge. In both models, the basement and ductile layer are smaller than the chamber 

with the remaining space filled with Moon Dough™.  The microlaminate package and brittle 
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upper layer are the same width as the basement but are the full length of the model chamber (150 

mm) and rest on top of the Moon Dough™ at the south end (Figure 3.5). 

3.6.1.1 Model 32 

After one stage of shortening, minor fractures develop in the upper layer striking 

northeast–southwest and east–west (Figure 3.9a,b). After two stages of shortening, a minor 

depression and faults are observed in the upper layer over the basement fault (Figure 3.9c-e). 

Three major sets of structures are interpreted: set 1 is composed of faults striking northeast–

southwest, set 2 is composed of faults striking northwest–southeast, and set 3 is composed of 

faults striking east–west (Figure 3.9). After three and four stages of shortening faults continue to 

develop (Figure 3.9f-k) and the three major sets remain in the same orientation (Figure 3.9). Total 

north–south shortening is 15 mm (10%) and east–west extension is 3 mm (4%). 

In cross section, 3D images after 4 stages of shortening show normal offset across the 

basement fault, with the eastern block being downthrown. Faults in the laminated middle and 

brittle upper layer are localized on either side of the basement fault (Figure 3.10a). The 

depression in the upper brittle layer over the basement fault is evident in 3D, and the middle 

laminated layer appears to sink into the space create by the normal offset along the fault (Figure 

3.10b). The ductile layer above the basement appears to pinch and swell, especially on either edge 

of the fault (Figure 3.10a,b). 
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Figure 3.9 

Photographs and lineament interpretations of model 32 at progressive stages of shortening; north 
is to the top, the boxes on the labels are 1 mm square, and the dimensions of the label are 10 mm 
by 20 mm. The white line on the photos indicates the trace of the basement fault. (a-b) After one 
stage of shortening; the grey lines in (b) are the interpreted lineaments. (c-e) After two stages of 
shortening; coloured lines represent interpreted major lineament sets (blue: set 1, orange: set 2, 
pink: set 3). (f-h) After three stages of shortening. (i-k) After four stages of shortening. 
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Figure 3.10 

CT scans of model 32 after four stages of shortening. (a-b) Orogen-parallel slice looking 
north; the ductile layer (mid-crust analogue) is traced in (b) and black lines indicate interpreted 
lineaments extending from the basement fault to the upper brittle layer. (c-d) 3D view of the 
model looking south, depression is visible over the basement fault. Area of zoom (d), 
indicated by the white box in (c), has the ductile layer outlined and black lines showing 
interpreted lineaments. (e-f) 3D view of the model looking north, the middle layer has been 
removed in post-processing using density-based colour ramps to show the relationship 
between the basement fault offset and the brittle upper layer. Area of zoom (f), indicated by 
the white box in (e) shows interpreted lineaments connecting the depression in the upper 
brittle layer with the basement fault. 
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3.6.1.2 Model 34 

After one stage of shortening, faults and fractures develop in the brittle upper layer on 

either side of and, in some places across, the basement fault (Figure 3.11a-c). Three major sets of 

structures are interpreted: set 1 is composed of fractures striking northeast–southwest, set 2 is 

composed of fractures striking northwest–southeast, and set 3 is composed of faults striking east–

west (Figure 3.11a-c). Sets 1 and 2 are present across the whole top of the model, while set 3 is 

dominantly present at the southern end. After two stages of shortening, there is a greater 

concentration of structures in the brittle upper layer, clustering on either side of the basement 

fault trace. A depression is observed over the basement fault, with one line of fractures down the 

middle (Figure 3.11d-f). The same three major sets of structures are present; faults designated to 

be part of set 3 are observed further north in the model (Figure 3.11d-f). After three stages of 

shortening, the concentration of structures increases on either side of the basement fault (Figure 

3.11g-i) and the southern end of the line of fractures above the basement fault begins to shift to 

the southeast (Figure 3.11i). After four stages of shortening, the depression above the basement 

fault is well developed and there are no longer fractures directly above the fault trace (Figure 

3.11j-l); they have appeared to shift laterally to the northwest and southeast in the north and south 

ends of the model, respectively (Figure 3.11l). The same three major sets of structures are present 

in the orientation they first developed (Figure 3.11). After four stages of deformation, total north–

south shortening is 9 mm (6%) and total east–west extension is 1 mm (1.5%). 

In cross section, after three stages of shortening the eastern basement block appears to be 

downthrown, the ductile layer above the basement varies in thickness across the fault, and there 

are faults visible in the middle laminated and brittle upper layers (Figure 3.12a,b).  
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Figure 3.11 

Photographs and lineament interpretations of model 34 at progressive stages of shortening; north 
is to the top, the boxes on the labels are 1 mm square, and the dimensions of the label are 10 mm 
by 20 mm. The white line on the photos indicates the trace of the basement fault. (a-c) After one 
stage of shortening; the grey lines in (b) are the interpreted lineaments and the coloured lines in 
(c) represent the major lineament sets (blue: set 1, orange: set 2, pink: set 3). (d-f) After two 
stages of shortening; (g i) after three stages of shortening; (j-l) after four stages of shortening. 
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Figure 3.12 

CT scans of model 34 after three (a-b) and four (c-d) stages of shortening. (a-b) Orogen-
parallel slice looking north; the ductile layer (mid-crust analogue) is traced in (b) and black 
lines indicate interpreted lineaments extending from the basement fault to the upper brittle 
layer. (c-d) 3D view of the model looking south, depression is visible over the basement fault. 
Area of zoom (d), indicated by the white box in (c), has the ductile layer outlined and black 
lines showing interpreted lineaments. 
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After four stages of shortening the eastern basement block appears further downthrown, and 

faults in the middle and upper layers are well developed over a thinned area of the lower ductile 

layer (Figure 3.12c,d). There is a minor depression visible in the upper brittle layer over the 

basement fault (Figure 3.12c,d). 

3.6.2 Later stage development 

Two models (35 and 36) were built to simulate the prototype at ca. 35 Myr after initial 

collision (20–15 Ma). At ca. 15 Ma, the Himalayan system started undergoing east–west 

extension in the hinterland upper crust. One interpretation for the cause of this extension is the 

onset of orogen-parallel plastic flow in the mid-crust (Burchfiel et al., 2008; Royden et al., 2008); 

this is the interpretation chosen for the models in this study. As in the early stage models, Moon 

Dough™ is placed at the south end and western edge of the models to accommodate movement 

along the basement fault. After 35 Myr of collision and 1,750 km of shortening (based on a 

convergence rate of 50 mm/year since onset of collision in the Eocene), the Indian basement is 

interpreted to have underplated the Eurasian plate to ca. 20° N (Copley et al., 2010). To mimic 

this subduction, the Moon Dough™ at the south end of the models is only the height of the basal 

layer (10 mm) and a foam block is placed on top to act as an abutment to the middle and upper 

layers (Figure 3.5c). This configuration allows the basement fault to offset as the basal block 

slides southward (‘subducting’ beneath the mid- and upper crust) while the middle and upper 

layers shorten against the abutment (developing a ‘fold-thrust belt’). With the foam block at the 

south end, and the collapsing wedge at the north end, deformation in the models propagates from 

north to south during shortening, as it does in the prototype. At the western edge of the models, 

15 mm of Moon Dough™ allows for east–west, syn-collisional orogen-parallel extension. 
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3.6.2.1 Model 35 

After stage one of shortening, a depression is observed over the trace of the basement 

fault and a slight ridge is observed immediately to the southeast in the same orientation (Figure 

3.13a-c). Fractures develop in the brittle upper layer, concentrating at the south end (Figure 

3.13a-c). As in previous models, there is a lack of structures directly over the basement fault. 

After two stages of shortening, east–west ridges are observed at the north end of the model in 

addition to the depression and ridge localized over the basement fault (Figure 3.13d-f). Fracture 

density across the brittle upper layer is greater, but still concentrated on either side of the 

basement fault and at the south end (Figure 3.13d-e). Three major sets of structure are interpreted: 

set 1 is composed of fractures striking northeast–southwest, set 2 is composed of structures 

striking north-northwest–south-southeast, and set 3 is composed of structures striking east–west 

(Figure 3.13f). After three stages of shortening, more east–west ridges are observed, developing 

further south (Figure 3.13g-i); the depression over the basement fault is still present, but the 

associated ridge is no longer visible. Fracture density is again increased, with the three major sets 

of structures interpreted to be in the same orientation (Figure 3.13g-i). A prominent north–south 

fault is observed west of the basement fault trace (Figure 3.13g) and appears to persist to the 

north end of the model, intersecting several major east–west faults. After the fourth and final 

stage of shortening, east–west ridges are observed throughout the model but are discontinuous 

across the basement fault trace (Figure 3.13j-l). Fracture density is high and the three dominant 

structural sets remain in the same orientation (Figure 3.13j-l). The north–south fault on the 

western edge is further developed but less persistent, appearing to be confined between the 

southernmost ridge on the western half and the trace of the basement fault (Figure 3.13).  
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Figure 3.13 

Photographs and lineament interpretations of model 35 at progressive stages of shortening; 
north is to the top, the boxes on the labels are 1 mm square, and the dimensions of the label are 
10 mm by 20 mm. The white line on the photos indicates the trace of the basement fault. (a-c) 
After one stage of shortening; the grey lines in (b) are the interpreted lineaments and the 
coloured lines in (c) represent the major lineament sets (blue: set 1, orange: set 2, pink: set 3). 
(d-f) After two stages of shortening; the dashed green lines in (f) represent the traces of folds 
and depressions. (g-i) After three stages of shortening. (j-l) After four stages of shortening. 
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Over four stages of deformation, total north–south shortening is 35 mm (54%) and total east–west 

extension is 15 mm (23%). 

In cross section, after four stages of shortening, there is minor normal offset of the 

basement fault and thickness variation in the ductile layer above the fault (Figure 3.14a,b). Faults 

are interpreted to nucleate on the western edge of the basement fault in the middle laminated layer 

and brittle upper layer (Figure 3.14c,d). A depression can be seen over the fault and appears to be 

more prominent at the southern end of the model (Figure 3.14c,d). There are several orogen-

parallel ridges visible in the upper brittle layer; the ridges are discontinuous across the trace of the 

basement fault (Figure 3.14c,d). 

3.6.2.2 Model 36 

After one stage of shortening, a slight depression is observed over the basement fault and 

minor fractures develop in the upper brittle layer (Figure 3.15a-c). After two stages of shortening, 

the depression over the basement fault is more pronounced and two synthetic-trending ridges are 

observed on either side (Figure 3.15d-f). Fractures in the brittle upper layer are still minor, 

concentrating in the southeast and along the trace of the basement fault (Figure 3.15d-f). After 

three stages of shortening, the depression and two ridges localizing over the basement fault are 

more pronounced, and an east–west ridge is observed in the northeast corner of the model (Figure 

3.15g-i). Fractures in the upper brittle layer are more pronounced and the density of structures is 

greater across the model, though there is still a concentration in the southeast (Figure 3.15g-i). 

Three dominant sets of structures are interpreted: set 1 is composed of faults striking northeast–

southwest (synthetic to the basement fault), set 2 is composed of fractures striking northwest– 

southeast, and set 3 is composed of faults striking east–west (Figure 3.15g-i).  
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Figure 3.14 

CT scans of model 35 after four stages of shortening. (a-b) Orogen-parallel slice looking north; 
the ductile layer (mid-crust analogue) is traced in (b) and black lines indicate interpreted 
lineaments extending from the basement fault to the upper brittle layer. (c-d) 3D view of the 
model looking north, depression is visible over the basement fault at the south end, but is not as 
visible at the northern end of the model where orogen-parallel ridges are more evident. Area of 
zoom (d), indicated by the white box in (c), has the ductile layer outlined and black lines 
showing interpreted fault traces. 
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Figure 3.15 

Photographs and lineament interpretations of model 36 at progressive stages of shortening; 
north is to the top, boxes on the labels are 1 mm square, and the dimensions of the label are 10 
mm by 20 mm. The white line on the photos indicates the trace of the basement fault. (a-c) 
After one stage of shortening; the grey lines in (b) are interpreted lineaments, solid coloured 
lines in (c) represent major lineament sets (blue: set 1, orange: set 2, pink: set 3). The dashed 
green lines indicate the traces of ridges and depressions. (d-f) After two stages of shortening; 
(g-i) after three stages of shortening; (j-l) after four stages of shortening; (m-o) after five 
stages of shortening. 
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Faults of set 3 are only observed at the very north and south ends of the model, while fractures 

and faults of sets 1 and 2 are focused in the middle. The geometry of the upper brittle surface of 

the model after four stages of shortening is similar to that after three stages; the depression and 

ridges synthetic to the basement fault are more developed and the fracture density is slightly 

greater (Figure 3.15j-l). A second east–west ridge is observed at the south end (Figure 3.15j-l). 

After the fifth, and final, stage of shortening, more east–west ridges are observed and appear to be 

discontinuous across the basement fault trace (Figure 3.15j-l). Fracture density is similar to stage 

four, but the concentration has shifted to the south and west (Figure 3.15j-l). The three dominant 

sets of structures remain in the orientations described after stage three. Faults of sets 1 and 3 are 

observed to be the most pronounced and continuous, while set 2 is defined by minor fractures 

(Figure 3.15j-l). After five stages of deformation, total north–south shortening is 25 mm (28%) 

and total east–west extension is 15 mm (23%). 

In cross section after five stages of shortening there is very minor normal offset observed 

along the basement fault (Figure 3.16a,b). The ductile layer above the basement varies in 

thickness as it crosses the fault, and there appear to be faults in the middle laminated and upper 

brittle layers on either side of it (Figure 3.16a-d). These faults seem to align with faults in the 

brittle upper crust trending synthetic to the basement fault (Figure 3.16c,d). 

3.7 Interpretation 

Major fracture sets developed in both sets of models in similar orientations, with similar 

sense offsets. The two models representing early-onset collision in the prototype (32 and 34) 

accommodated very little shortening, and deformation was dominated by strike-slip offset of the 

basement fault. The two models representing later stage development of the prototype (35 and 36) 

accommodated more shortening, and east–west trending folds dominated deformation.  
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Figure 3.16 

CT scans of model 36 after four stages of shortening. (a-b) Orogen-parallel slice looking 
north; the ductile layer (mid-crust analogue) is traced in (b) and black lines indicate interpreted 
lineaments extending from the basement fault to the upper brittle layer. There is a ridge 
evident over the basement fault. (c-d) 3D view of the model looking north, sliced ca. 30 mm 
from the north end. A ridge is visible over the basement fault. Area of zoom (d), indicated by 
the white box in (c), has the ductile layer outlined and black lines showing interpreted 
lineaments. 
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Combining the evolution of both sets of models allows for a kinematic interpretation of the 

basement fault and its role in localizing deformation in the brittle upper crust. 

3.7.1 Early-onset collision 

Deformation in models 32 and 34, intended as analogues for early-onset collision of India 

and Eurasia (15 Myr, ca. 40–35 Ma), is induced by strike-slip movement along the basement 

fault. Fracture density in the brittle upper layer increases with subsequent stages of shortening, 

accommodated by the south- and westward advancement of the rigid basal block, which the 

middle and upper layers are passively coupled to. Geometric analysis of the brittle surface of 

models 32 and 34 identified three dominant sets of structures, discussed in section 3.6.1.  

Dominantly normal and some minor reverse-sense faults that have the same strike as the 

basement fault (northeast–southwest) comprise set 1. In model 32, normal faults initially localize 

directly over the basement fault trace (Figure 3.17a,b). With subsequent deformation, this rift 

system splits and shifts immediately northwest (in the north) and southeast (in the south) of the 

basement fault trace, suggesting sinistral-normal offset along the fault (Figure 3.17c-f). In model 

34, fractures localizing over the basement fault are minor and the major normal faults are 

developed to the northwest and southeast (Figure 3.18a-f). In 3D, faults of set 1 in models 32 and 

34 are visible in the upper brittle layer and are interpreted to extend into the laminated middle 

layer (Figure 3.19 and Figure 3.20), nucleating above the basement fault and ductile lower layer. 

The thickness variation in the ductile layer seems to transfer strain into the middle layer, which in 

turn transfers strain into the brittle upper layer as faults, which are interpreted to have slight 

normal offset (Figure 3.19 and Figure 3.20).  
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Figure 3.17 

Photographs and lineament 
interpretations of model 32 
at progressive stages of 
shortening; north is to the 
top, the boxes on the labels 
are 1 mm square, and the 
dimensions of the label are 
10 mm by 20 mm. The 
white line on the photos 
indicates the trace of the 
basement fault. (a-b) After 
one stage of shortening; the 
grey lines in (b) are the 
fractures. (c-d) After two 
stages of shortening; 
coloured lines represent 
interpreted major structure 
sets (blue: set 1, orange: set 
2, pink: set 3) and sense of 
motion is indicated with        
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Figure 3.18 

Photographs and 
structural interpretations 
of model 34 at 
progressive stages of 
shortening; north is to the 
top, the boxes on the 
labels are 1 mm square, 
and the dimensions of the 
label are 10 mm by 20 
mm. The white line on 
the photos indicates the 
trace of the basement 
fault. (a-b) After one 
stage of shortening; the 
grey lines in (b) are the 
fractures and the coloured 
lines represent interpreted 
major structure sets (blue: 
set 1, orange: set 2, pink: 
set 3) and sense of motion 
is indicated with triangles

(thrust fault), ticks 
(normal fault) and 
arrows (strike-slip 
fault). (c-d) After 
two stages of 
shortening. (e-f) 
After three stages of 
shortening. (g-h) 
After four stages of 
shortening. Faults of 
set 1, synthetic to the 
basement fault, are 
interpreted to have 
dominantly normal-
sense offset. Faults 
of set 2 are 
interpreted to have 
dominantly dextral-
sense, and faults of 
set 3 are initially 
interpreted as 
normal-sense (d) but 
in later stages have 
no discernable sense 
of movement (f,h). 
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Figure 3.19 

CT scans of model 32 after four stages of shortening. (a-b) Orogen-parallel slice looking north; 
the ductile middle layer is outlined in white in both images, the other layers are shaded in (b); 
orange is the basement, blue is the ductile middle layer, green is the microlaminate upper-
middle layer, and beige is the brittle upper layer. Black lines show faults extending from the 
basement to the brittle upper layer, with interpreted normal-sense offset. (c-d) 3D image 
looking south, the depression over the basement fault is visible and the ductile middle layer is 
outlined in white in both images. Black faults are shown in the zoomed in image (d) with 
interpreted normal-sense offset. (e-f) 3D image looking north, the middle layer has been 
removed using density-based colour ramps. (f) Zoomed in image from the white outlined area 
in (e) with black fault traces extending on either side of the basement fault and interpreted 
normal-sense offset. 
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Figure 3.20 

CT scans of model 34 after three (a-b) and four (c-d) stages of shortening. (a-b) Orogen-parallel 
slice looking north; the ductile middle layer is outlined in white in both images, the other layers 
are shaded in (b); orange is the basement, blue is the ductile middle layer, green is the 
microlaminate upper-middle layer, and beige is the brittle upper layer. Black lines show faults 
extending from the basement to the brittle upper layer, with interpreted normal-sense offset. (c-
d) 3D image looking north, the depression over the basement fault is visible and the ductile 
middle layer is outlined in white in both images. Black faults are shown in the zoomed in image 
(d) localizing over necking zones in the ductile middle layer with interpreted normal-sense 
offset. 
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In both models, normal faults in the south are dominantly on the southeastern side of the 

basement fault (hanging wall), and in the north are dominantly on the northwestern side of the 

basement fault (footwall; Figure 3.19 and Figure 3.20). The observation that faults of set 1 are not 

evenly distributed across the brittle upper layer is further evidence that movement along the 

basement fault is localizing structures. 

Set 2 is composed of dominantly dextral faults with some minor thrust faults, striking 

northwest–southeast. In model 32, faults of set 2 initially strike north-northwest–south-southeast 

and rotate to northwest–southeast during subsequent stages of shortening (Figure 3.17), 

suggesting sinistral movement along the basement fault. In both models, faults of set 1 are 

interpreted as dextrally offset by faults of set 2 (Figure 3.17 and Figure 3.18). 

Set 3 is composed of fractures striking dominantly east–west in both models, with some 

faults curving to an east-northeast–west-southwest orientation. In model 32, structures of set 3 

localize at the south end and northwest corner; at the south end the fractures have no discernable 

sense of movement, while in the northwest corner the faults are interpreted as thrust-sense (Figure 

3.17). In model 34, structures of set 3 localize almost exclusively on the southeast side of the 

basement fault; initially the sense of movement appears normal, and in the later stages of 

deformation there is no discernable sense of offset (Figure 3.18). 

The accommodation space left at the south end and western edge of models 32 and 34 

may have affected the sense of movement along the three dominant fracture sets, especially 

during the first and second stages of shortening as the middle and upper layers of the models 

settled around the Moon Dough™. In model 32, this is interpreted as the cause of the rift faults at 

the south end of the model and the arc-shaped rift fault in the northwest corner of the model 

(Figure 3.17a-d). After the third stage of shortening, normal faults are no longer developed at the 
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south end of the model (set 3) and faults in the northwest corner (set 1) straighten out and the 

normal-sense offset is less pronounced (Figure 3.17e-h). 

3.7.2 Later stage development 

Models 35 and 36 are intended as analogues for later stage development of the Himlayan 

system (35 Myr after initial collision, ca. 20–15 Ma). Deformation is induced the collapsing 

wedge, which causes strike-slip movement along the basement fault, ‘subduction’ of the 

basement block, and orogen-perpendicular shortening in the middle and upper layers against the 

foam abutment at the south end. Geometric analysis of the brittle surface of models 35 and 36 

identified three dominant fracture sets and two dominant fold orientations, discussed in section 

3.6.2. Structure sets 1, 2, and 3 are observed to be in the same orientation as models 32 and 34 

(northeast–southwest, northwest–southeast, and east–west, respectively). 

 In model 35, fractures of set 3 develop initially at the southern edge and then localize 

over the orogen-parallel folds which propagate from north to south with progressive stages of 

shortening (Figure 3.21). The major faults of set 3 are interpreted as thrust-sense. Fractures of sets 

1 and 2 do not develop any discernable sense of movement and are defined only by minor 

fractures in the brittle upper layer, with the exception of the area at the south end of the model to 

the northwest of the basement fault trace (Figure 3.21). Structures in this area begin to develop 

independently from the rest of the model after the first stage of shortening and are initially 

defined by minor north–south striking fractures (Figure 3.21a,b). After three stages of shortening, 

the area is confined between the southernmost fold and the basement fault trace and is dominated 

by one major north–south fault, interpreted as a thrust fault (Figure 3.21e,f). Two faults are 

observed striking east–west (set 3) at either end of the thrust fault; the fault at the northern 

boundary is also interpreted as thrust-sense (Figure 3.21e,f).  
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Figure 3.21 

Photographs and lineament interpretations of model 35 at progressive stages of shortening; north 
is to the top, the boxes on the labels are 1 mm square, and the dimensions of the label are 10 mm 
by 20 mm. The white line on the photos indicates the trace of the basement fault. (a-b) After one 
stage of shortening; the grey lines in (b) are the fractures and the coloured lines represent 
interpreted major structure sets (blue: set 1, orange: set 2, pink: set 3). (c-d) After two stages of 
shortening; the green dashed lines indicate traces of folds, arrows indicate interpreted fold type. 
The grey line shows the trace of the basement fault and the sense of offset along it, as determined 
by the offset of folds and faults in the upper brittle layer. (e-f) After three stages of shortening; 
sense of motion is indicated with triangles (thrust fault) and ticks (normal fault). (g-h) After four 
stages of shortening. Only faults of sets 2 and 3 develop a discernable sense of motion (both 
thrust-sense faults). 
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After the fourth stage of shortening, the north–south thrust fault develops what is interpreted as a 

splay and the east–west fault at the south end evolves into what is interpreted as a back-thrust 

(Figure 3.21g,h). In 3D, normal offset is interpreted across the basement fault, and faults appear 

to localize above the ductile layer in the laminated middle layer (Figure 3.22). These faults dip 

east-southeast, abruptly change orientation at the interface between the laminated middle layer 

and brittle upper layer (Figure 3.22a,b), and are observed to offset the brittle upper layer as thrust 

faults. The independent evolution and development of unique structures in this area of the model 

is thought to be a result of the southward propagation of deformation coupled with the 

accommodation space on the western margin of the model. During progressive stages of 

shortening, the northwestern basement block moves south and west into the space created by the 

removal of Moon Dough. It is possible that the model reached the western limit of the chamber 

before reaching the southern limit, causing orogen-parallel shortening with continued strike-slip 

movement of the fault. This theory is supported by the thrust faults, observed in the upper brittle 

layer over faults interpreted as normal-sense in the laminated middle localizing above the 

basement fault (Figure 3.22). During initial shortening, when the model was moving into 

accommodation space at the southern and western margins, the normal-sense faults began to 

nucleate above the basement fault. When the model reached the western limit of the chamber, 

orogen-parallel shortening caused reverse-sense faults to develop. These faults nucleate at the 

terminus of the interpreted normal-sense faults in the middle laminated layer (Figure 3.22). 

 In model 36, structures of set 3 develop initially at the southern edge and then localize in 

the north over orogen-parallel folds, similar to model 35 (Figure 3.23).  
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Figure 3.22 

CT scans of model 35 after four stages of shortening. (a-b) Orogen-parallel slice looking north, 
the ductile middle layer is outlined in white in both images, the other layers are shaded in (b); 
orange is the basement, blue is the ductile middle layer, green is the microlaminate upper-
middle layer, and beige is the brittle upper layer. Black lines show faults extending from the 
basement to the interface between the microlaminate middle layer and brittle upper layer. The 
faults have interpreted normal-sense offset, and switch to reverse-sense in the brittle upper 
layer. (c-d) 3D image looking north, the depression over the basement fault is visible 
dominantly at the southern end, and appears overprinted by orogen-parallel folds in the north. 
The ductile middle layer is outlined in white in both images. Black faults are shown in the 
zoomed in image in (d) localizing over necking zones in the ductile middle layer with 
interpreted normal-sense offset in the microlaminate middle layer and reverse-sense offset in 
the brittle upper layer. 
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Figure 3.23 

Photographs and lineament interpretations of 
model 36 at progressive stages of shortening; north 
is to the top, the boxes on the labels are 1 mm 
square, and the dimensions of the label are 10 mm 
by 20 mm. The white line on the photos indicates 
the trace of the basement fault. (a-b) After one 
stage of shortening; the grey lines in (b) are the 
fractures, coloured lines represent interpreted 
major structure sets (blue: set 1, orange: set 2, 
pink: set 3), and the dashed green lines indicate 
fold traces. Sense of motion is indicated with ticks 
(normal fault) and arrows (type of fold). (c-d) 
After two stages of shortening. (e-f) After three 
stages of shortening; triangles indicated interpreted 
thrust faults. (g-h) After four stages of shortening. 
(i-j) After five stages of shortening; the grey line 
shows the trace of the basement fault and the sense 
of offset along it, as determined by the offset of 
folds and faults in the upper brittle layer. Faults of 
set 1 are interpreted to be dominantly normal-
sense, faults of set 2 have no discernable sense of 
motion, and faults of set 3 are interpreted to be 
normal-sense in the north and thrust-sense in the 
south. 
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At the south end, the faults striking east–west are interpreted as thrust-sense, while those 

developing over the orogen–parallel folds in the north are interpreted as normal faults (Figure 

3.23). There is no sense of movement observed in fractures of set 1 until the fourth stage of 

shortening, at this point the faults localized along the trace of the basement fault are interpreted to 

be normal-sense (Figure 3.23g,h). In 3D, there is minor normal offset across the basement fault 

and the ductile layer above the basement appears to pinch and swell, creating necking zones at the 

fault (Figure 3.24a,b). These necking zones nucleate normal faults in the laminated middle layer 

and extensional structures in the brittle upper layer interpreted to be normal faults (Figure 

3.24c,d). After the fifth stage of shortening a thrust fault develops synthetic to, but northwest of, 

the basement fault (set 1; Figure 3.23i,j and Figure 3.24c,d). An orogen-parallel fold defines the 

northern limit of the thrust fault, while the southern limit is defined by a thrust fault oriented east–

west (set 3). This geometry is similar to that of structures in the southwest corner of model 35, 

and the mechanism of formation is interpreted to be similar. 

 Orogen-parallel folds in models 35 and 36 evolve and propagate north to south during 

progressive shortening. The trace of the basement fault in model 35 is defined in the upper crust 

by a syncline and divides the axial traces of the orogen-parallel folds (Figure 3.21c-h). Sinistral 

offset of the axial traces across the basement fault coupled with the localization of a syncline 

along the trace suggests the sense of movement on the fault is sinistral-normal. The folds in 

model 35 are upright to gently inclined and disharmonic between layers. Folds in the brittle upper 

layer are similar, cylindrical, and open (interlimb angle is ~110°; see Appendix B for 

photographs). Fold wavelength is 9–11 mm, equivalent to 9–11 km in the prototype. Folds in the 

middle laminated layers are parallel, and range from open to tight (interlimb angle is ~50°–95°). 

Wavelength ranges from 3–7 mm, equivalent to 3–7 km in the prototype.  
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Figure 3.24 

CT scans of model 36 after four stages of shortening. (a-b) Orogen-parallel slice looking north; 
the ductile middle layer is outlined in white in both images, the other layers are shaded in (b); 
orange is the basement, blue is the ductile middle layer, green is the microlaminate upper-middle 
layer, and beige is the brittle upper layer. Black lines show faults extending from the basement to 
the brittle upper layer on either edge, with interpreted normal-sense offset. A ridge is visible over 
the basement fault. (c-d) 3D image looking south, the ridge over the basement fault is visible and 
the ductile middle layer is outlined in white in both images. Black lines show interpreted faults in 
(d) localizing at the necking zones of the ductile middle layer above the basement, with 
interpreted normal-sense offset. Fractures above the lineaments in the upper brittle crust are 
interpreted as normal faults (set 1, shown in blue) and the orogen-parallel fracture at the north 
end is also interpreted as normal-sense. 
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Orogen-parallel folding is less developed in model 36 than model 35 because less 

shortening was accommodated (54% in model 35, 28% in model 36). Three upright, similar, open 

folds develop parallel to the basement fault: a syncline localizes over the trace of the fault with an 

anticline on either side (Figure 3.23c-j). Fold wavelength is ca. 15 mm (15 km in the prototype). 

Three upright, similar, open folds are also developed striking east–west. Fold wavelength is ca. 

20–22 mm (20–22 km in the prototype). A slight dextral offset in the axial traces of these orogen-

parallel folds is interpreted after five stages of shortening (Figure 3.23i,j), suggesting that 

movement along the basement fault in model 36 is dextral-normal. 

3.7.3 Interpreted evolution 

According to the orientation of the principal stress and the strike of the basement fault, 

the sense of movement along the basement fault is expected to be sinistral-reverse. However, the 

sense of movement is interpreted to be sinistral-normal, based on the rift faults developed in set 1 

in the brittle upper crust and the observed geometry of models 32, 34, and 35 in 3D. By creating 

accommodation space at the western edge of the models to prevent the basement block from 

moving as a single unit, the path of least resistance for the northwest half of the basement was to 

move west, creating normal-sense offset along the fault (Figure 3.19, Figure 3.20, and Figure 

3.22). Additionally, the pre-cut fault has a very steep dip (ca. 80° to the southeast), which would 

require a tremendous amount of force to activate as a reverse fault. In models 32, 34, and 35, the 

geometry of the folds, faults, and fractures are interpreted to be a result of sinistral-normal offset 

of the basement fault. In model 36, the sense of movement is very slight and is interpreted to be 

dextral-normal. This discrepancy may be caused by decreased accommodation space at the south 

end of model 36 (25 mm, compared to 35 mm in model 35) favouring more east–west (normal-

sense) movement along the basement fault rather than north–south (strike-slip) movement. 
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The ductile layer in all models is initially of uniform thickness. As the basement fault 

offsets during progressive stages of shortening, the low-viscosity material (analogous to the 

ductile mid-crust of the prototype) flows and begins to pinch and swell. Ultimately, necking 

zones form on either side of the basement fault in all models (Figure 3.19, Figure 3.20, Figure 

3.22, and Figure 3.24). It is over these areas of thin ductile material that faults localize and extend 

through the laminated middle layer and into the brittle upper layer (Figure 3.19, Figure 3.20, 

Figure 3.22, and Figure 3.24).  

The similar orientation of the three major structure sets but greater fracture density in the 

early stage models relative to the later stage models perhaps indicates that brittle deformation in 

the upper layer developed during initial collision is overprinted by orogen-parallel folds and 

thrust faults developed as a result of increased shortening in later stage evolution. 

3.7.4 Comparison to prototype 

Present day fault patterns in the prototype reveal three major sets of structures with a 

similar orientation to those observed in the analogue models (Figure 3.25a). The south Tibet 

graben system, the Great Boundary fault, and several other prominent lineaments in northern 

India define set 1 (striking northeast–southwest). The Karakorum fault and associated dextral 

faults, including the recently defined Western Nepal Fault system (Murphy et al., 2014), define 

set 2 (striking northwest–southeast). The major south-directed Himalayan thrusts (Main Frontal 

thrust, Main Boundary thrust, and Main Central thrust) define set 3 (striking east-southeast–west-

northwest). 

The dominant sense of movement in the models along fractures of set 1 is normal, with 

several rifts localizing directly over, or very close to, the trace of the basement fault (models 32 

and 36, Figure 3.17 and Figure 3.23). These rifts are interpreted to be analogous to the south 
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Tibetan graben in the prototype; the Thakkhola and Lopukangri graben lie along the trace of the 

Pokhara lineament, representing the orientation of the southeastern bounding fault of the 

Faizabad ridge in the Indian basement (Figure 3.25). 

A sense of movement in set 2 of the models is only observed in models 32 and 34, where 

set 1 is interpreted as dextrally offset by set 2 (Figure 3.17 and Figure 3.18). In models 35 and 36, 

especially during early stages of shortening, set 2 seems to offset set 1 dextrally in some places 

(Figure 3.21 and Figure 3.23), but this relationship is overprinted by folding and thrusting during 

progressive shortening. In the Himalayan system, the northwest–southeast lineament set (set 2) is 

less prominent than sets 1 and 3 and is mainly defined by the Karakorum fault and the West 

Nepal Fault system, both of which accommodate dextral movement and in some places appear to 

offset set 1 (Figure 3.25). 

In the models, the dominant sense of movement in set 3 is interpreted to be thrust faults, 

with the exception of model 34 which records no sense of movement along set 3, and model 36 

which develops normal faults at the north end along an anticline in addition to thrust faults in the 

south (Figure 3.18 and Figure 3.23). Model 34 only accommodated 9% total shortening in the 

cover sequence and is interpreted to be representative of the prototype system after initial 

collision but before thrusting had propagated significantly southward. Normal faults along the 

orogen-parallel fold at the north end of model 36 may be caused by localized extension in the 

hinge line of the anticline, or may be analogous to orogen-parallel normal faults in the hinterland 

of the prototype. In model 32, thrust faults are only observed in the northwest corner an do not 

develop until later stage shortening, perhaps analogous to the onset of thrusting in the Himalayan 

system (Figure 3.17). In model 35, set 3 is initially at the southern margin, and then develops at 

the north end of the model and thrusts propagate southward with progressive deformation. 
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Figure 3.25 

A comparison between the prototype system and the models in this study: (a) Digital elevation model with the location of the Faizabad ridge 
shown in light brown, the bounding lineament shown in dark green, dipping to the southeast, and interpreted faults on the surface and in the 
subsurface (after Taylor & Yin, 2009; Styron et al., 2010; Das et al., 2011; Godin and Harris, 2014). Faults have been coloured to match the three 
major sets from models of this study: blue (set 1) striking northeast–southwest, orange (set 2) striking northwest–southeast, and pink (set 3) 
striking east–west. MFT, Main Frontal thrust; LK, Lopukangri graben; T, Thakkhola graben.  (b) Combined lineament analysis of models in this 
study, major interpreted fault sets, and potentially similar structures of the prototype. 
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The evolution of structures in all four models combined mimics the interpreted, 

simplified development of the Himalayan system: 

(1) Set 1 develops synthetic to the basement fault as India collides with Eurasia 

and forward motion is converted into north–south directed shortening.  

(2) The basement fault begins to offset normal and sinistral, fracturing the upper 

crust; dextral movement is accommodated by set 2. 

(3) With continued collision of the two plates, thrust sheets of set 3 begin to 

develop parallel to the orogen and propagate north to south (Figure 3.25). 

3.7.5 Vertical strain propagation 

During both stages of orogen evolution, deformation moves from the rigid basement to 

the upper brittle layer through a low-viscosity layer. It seems that the ductile layer and the 

laminated middle layer are acting as strain transfer zones, relaying the displacement field from 

the basement to the upper brittle layer (after Lister et al., 1986; Molnar, 1992; Pinet and Cobbold, 

1992; Higgins and Harris, 1997; Marshak and Paulsen, 1997; Teyssier and Tikoff, 1998). Normal 

offset along the basement fault is observed in all final models, which causes the ductile layer 

above the basement to flow, developing pinch and swell geometry and ultimately necking zones; 

brittle deformation is converted into ductile deformation. These necking zones localize faults in 

the middle laminated layer, which experiences semi-ductile deformation as it moves into the 

space created by the loss of ductile material and develops discreet zones of strain transfer at either 

margin (Figure 3.26a,b). When these zones of strain transfer reach the brittle upper layer, brittle 

deformation is observed in the form of normal faults, synthetic to the basement fault (Figure 

3.26b). 
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Figure 3.26 

Composite block diagram showing structural evolution of the models in this study; north is to the 
top right. (a) Basement fault is shown in dark green, and dashed green across the top of the block 
diagram. Structures from model interpretations shown on top of the model, with associated sense 
of offset (triangles: thrust, ticks: normal, arrows: strike-slip). On the sides of the block diagram, 
faults are extended down to the ductile mid-crust and interpreted sense of offset is indicated with 
arrows (normal). (b) Block diagram with major fault sets shown: blue: set 1, dominantly normal-
sense, orange: set 2, dominantly dextral, pink: set 3, dominantly thrust-sense. The potential 
analogue structures interpreted from the prototype are labeled (TG: Thakkhola graben; KF: 
Karakorum fault; LK: Lopukangri graben). Dominant stresses and interpreted orientations are 
shown with arrows. 

a 
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These findings complement the recent geophysical study by Godin and Harris (2014) that 

suggests the south Tibet graben are spatially linked to deep faults in the underplated Indian lower 

crust. A similar process has been recognized in earthquake aftershocks, whereby stress is 

conserved in the plastic mid- and lower crust following an earthquake rupture and is slowly 

transferred to the brittle upper crust (Deng et al., 1999; Kenner and Segall, 2000). Lister et al. 

(1986) describe stretching in the ductile mid-crust during rifting and the relationship between 

detachment faults and deep-seated mylonite shear zones (after Davis et al., 1986). Richard and 

Cobbold (1990) carried out a series of experiments involving two Mylar sheets representing the 

oblique convergence of two plates, overlain by a viscous silicone layer topped with sand. The 

studies found that oblique convergence was partitioned into pure strike-slip and pure dip-slip 

faulting in the sand, and that deformation in the sand layers was localized parallel to and directly 

above the boundary between the Mylar sheets (analogous to the basement fault in this study). 

Molnar (1992) reflected on the experiments of Richard and Cobbold (1990), and suggested that 

this relationship between the deformation in the sand and the relative displacement in the Mylar 

sheets indicates that the viscous silicone layer coupled and smoothed the discontinuity, 

effectively acting as a strain transfer zone. The findings of the present study complement these 

conclusions, as our models demonstrate a spatial relationship between basement fault offset and 

deformation in the mid- and upper crust. 

Higgins and Harris (1997) used 1 g models to examine the reactivation of basement faults 

under extension and the resulting structures developed in overlying sedimentary cover sequences, 

with and without a ductile layer between the basement and the sedimentary layers. The ductile 

layer was interpreted to partially decouple the upper sedimentary layers from the basement; 

consequently normal faults in the upper layers were not directly localized by the basement faults. 
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In contrast, the normal faults in the upper layers of models without a basal ductile layer seemed to 

be directly influenced by the underlying faults (Higgins and Harris, 1997). This study did not 

include a model without a basal ductile layer, but structures in the upper sedimentary analogue 

layers were interpreted to localize above the basement fault under compression.  

3.8 Discussion 

The intent of this study was to investigate the potential reactivation of basement faults in 

the deep crust of northern India as it is subducted beneath the Himalaya; centrifuge analogue 

modelling was chosen to model this potential reactivation. There are inherent limitations in the 

scaling, geometry, and mechanics of physical modelling. While the models in this study provide 

insight into a geologic process that has application to the Indian plate and the Himalaya, they are 

not perfect representations of the prototype and caution must be used when making direct 

comparisons. 

3.8.1 Scaling 

As discussed in section 3.5, there were four parameters (viscosity, density, length, and 

acceleration) that were considered more robust and were used to calculate other scaling ratios 

(time and velocity). The calculated time ratio of 8.2 10  equated 300 s in the centrifuge 

(one stage) to 0.12 My in the prototype. The calculated velocity ratio of 1.23 10  equated 

1.52 10  mm/s (48 mm/year) of shortening in the prototype to 0.02 mm/s (6.0 mm/stage) of 

shortening in the model. These predicted values held true for the later stage models, which 

averaged 5–6 mm of shortening each stage. However, the early stage models averaged just 0.3–

0.4 mm of shortening each stage. While these early stage models provide insight into the 

reactivation of inherited basement faults, they do not accurately represent the velocity and time 

scaling of the intended prototype. 
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3.8.2 Geometry and mechanics 

Two decisions were made regarding the geometry of the models early in this study: 

paleo-rift topography was built into the northern margin of the basal clay layer to nucleate folds 

and thrusts, and the collapsing wedge was placed at the northern end of the model to initiate 

deformation progressing north to south, as in the prototype. Reflecting on these two decisions, 

they may have influenced the deformation propagation and style of the models in a way that does 

not accurately represent the prototype system. 

Paleo-rift topography, while likely present at the northern margin of India based on a 

history of rifting, would have been subducted beneath Eurasia during the early stages of collision 

between the two plates. It was appropriate to include the rift topography in the early stage models, 

but it should have been removed for the later stage models to accurately portray the prototype. 

Placing the collapsing wedge at the northern end of the models initially made geometric 

sense, as the advancing plastic plate would initiate deformation at the north end moving 

progressively southward with subsequent stages of shortening. However, the stiff modelling clay 

chosen to represent the Indian craton did not accommodate shortening and instead behaved 

rigidly in the centrifuge. If accommodation space was not created around the basal clay layer, the 

whole model locked in the chamber, the wedge did not collapse, and the pre-cut fault did not 

offset.  

To create accommodation space the basal clay block was cut smaller than the chamber 

and the space at the south and western edges of the model was filled with compressible modelling 

dough. Consequently, the basement block moved south and west relative to the overburden, 

creating a sense of shear opposite to that observed in the Himalaya (top-to-the-north in the 

models vs. top-to-the-south in the prototype). In the later stage models more shortening was 
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desired in the overburden and the basement block was cut even smaller. The space at the southern 

and western margins of the models was again filled with modelling dough, and an additional stiff 

foam block was placed on top of the modelling dough at the south end to act as an abutment to 

the mid- and upper putty layers. The objective was to force shortening in the overburden to 

simulate the subduction of the Indian craton and development of the fold-thrust belt in the 

prototype. This geometry again resulted in the basement block moving south and west, simulating 

southward subduction rather than the northward subduction observed in the prototype. A more 

accurate model geometry would have accommodation space for the basement block at the north 

end of the model, allowing the basement to ‘subduct’ beneath the collapsing wedge, which in turn 

would initiate shortening in the overlying layers. 

 These decisions regarding the geometry and resulting mechanics of the models reduce the 

accuracy of comparing model to prototype. It is more valid to consider the models as representing 

a geologic process: the potential reactivation of inherited basement faults and their ability to 

localize structures in the upper crust. Regardless of the sense of shear and variations in scaling 

parameters, the models in this study suggest that offset along an inherited basement fault can 

trigger an upwards propagation of strain and localize structures through rheologically stratified 

crust. 

3.9 Conclusions 

3.9.1 Advances in modelling 

This study is the first documented use of Chavant™ Y2 Klay to simulate a rigid 

basement craton and one of the first to use Moon Sand™ to simulate the brittle upper crust (see 

Santolaria Otin et al., 2014). Moon Sand™ is lightweight, naturally cohesive, and can be imaged 

in a CT scanner. In this study, Moon Sand™ was able to develop thrust, normal, and strike-slip 
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faults, folds, and fractures with no discernable sense of movement. Structures ranged in scale 

from ca. 1–40 mm (equivalent to 1–40 km in prototype. Chavant™ Y2 Klay is lightweight, stiff 

modelling clay. At the thickness used in this study (10 mm) the modelling clay could not be 

shortened and deformed with folds or generate faults; it acted as a solid block and prevented the 

collapsing wedge from collapsing. The only way to shorten and deform a model containing a 

layer of Y2 Klay modelling clay (of ca. 10 mm) is to pre-cut a fault, and create accommodation 

space along one or two margins of the model to allow the fault to offset and the block to move. 

Moon Sand™ is recommended as an analogue for the brittle upper crust in future centrifuge 

analogue modelling studies, and Chavant™ Y2 Klay is suggested as an analogue for deep 

basement cratons or rigid indenters. 

 Moon Dough™ was used in this study to control movement of the basement fault and 

slowly create accommodation space over several stages of shortening. To simulate subduction of 

the basement craton, Moon Dough™ was combined with a foam block to allow movement of the 

Y2 Klay while blocking and forcing shortening in the middle and upper layers. This is the first 

documented study using this technique and the material Moon Dough™ to control lateral 

extension during bulk shortening of a model. In contrast to most centrifuge modelling studies, the 

geometry of models in this study results in layer parallel shortening and perpendicular extension 

initiating simultaneously; the resulting deformation is not plane strain. 

3.9.2 Structural understanding of reactivated faults 

Models in this study show that offset along a deep-seated basement fault can affect the 

location, orientation, and type of structures developed in the mid- and upper crust. Model results 

and interpretation present evidence that: 
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(1) Deep-seated, reactivated basement faults can localize structures in the upper 

crust during different stages of orogen evolution 

(2) It is mechanically feasible for movement along a basement fault to influence 

the mid- and upper crust and for strain to propagate through a low-viscosity 

medium.  

That basement structures can control, at least in part, structures in the upper brittle crust 

has implications for migration of basement or mantle derived hydrothermal fluids. Deep-seated 

faults that localize over, and root into, inherited basement structures may act as conduits for fluids 

or magma, resulting in mineralization of overlying sedimentary rocks (see Hill et al., 2002; 

McCuaig and Hronsky, 2014) or hydrothermal dolomitization associated with oil and gas 

reservoirs (see Davies et al., 2006). Determining the orientation of crustal-scale fracture zones 

that are reactivated under extension and compression and the tectonic history of an area can 

provide an indication of where ore bodies are likely to develop (Hill et al., 2002). This study 

provides an evolutionary model for the development of faults in the upper crust relative to an 

inherited basement fault; using this model, configurations of other orogenic systems could be 

analysed to determine possible deep-seated fault sets, the likelihood of hydrothermal fluid 

movement along them, and potential zones of mineralization. 

The ability of a deep-seated fault to nucleate strain-transfer zones and the possibility that 

an upper crustal feature may root into the basement or upper mantle increases the scope of its 

potential influence on fluid movement and concentration. Our study complements geophysical 

studies applying deep crustal imaging techniques and provides evidence that linking lower crust 

lineaments with upper crust structures is a viable interpretation. 
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Chapter 4 

Conclusions 

4.1 Introduction 

This thesis evaluated the influence of reactivated basement faults on the development of 

structures in the upper crust during shortening, using centrifuge analogue modelling. The models 

were based on the prototype area of northern India, the Himalaya, and southern Tibet during two 

stages of collision (10 Myr and 35 Myr after initial collision, at ca. 45–40 and 20–15 Ma, 

respectively). The first part of the thesis involved classifying the physical properties of the 

materials used in the models, and the second part focused on the modelling experiments and 

results. Four broad questions were addressed: 

(1) What are the rheological properties of materials commonly used in centrifuge 

analogue modelling? 

(2) Is there a material that will behave as an analogue for the brittle upper crust? 

(3) Is it mechanically and kinematically feasible for movement along basement 

faults to propagate upwards into the mid- and upper crust through a low-

viscosity medium? 

(4) Can movement along basement faults localize structures in the mid- and upper 

crust, and if so, what are the structures at each evolutionary stage? 

The location and orientation of the deep-seated faults in the Precambrian basement of 

northern India is based on interpreted Bouguer gravity data from a related study by Godin and 

Harris (2014) and is used in the geometry of the models in this study. 
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4.2 Rheology of modelling materials 

The integration of material science with physical modelling is crucial to ensure proper 

scaling and accurate representation of the intended prototype. Considering the effective2 viscosity 

of a modelling material alone is not sufficient; linear or non-linear viscoelasticity and elastic and 

viscous moduli must also be evaluated to fully understand the dynamic properties of the material 

and determine how it will behave in an analogue model during deformation. Modelling clays and 

silicone bouncing putties (Plasticine®, Giotto Pongo modelling clay, Demco® modelling clay, 

Dow Corning® Dilatant Compound 3179, and Crazy Aaron’s Thinking Putty™) are all found to 

behave as Newtonian, high-viscosity materials at the strain rates used in centrifuge experiments 

(ca. 5.0	 	10  s-1). Based on the effective viscosity of each material at low strain rates, they are 

recommended as analogues for the following rock types: 

(i) Competent semi-ductile upper crust quartzite or carbonate rocks: Giotto Pongo 

modelling clay 

(ii) Competent ductile mid-crust quartzite or carbonate rocks: Plasticine® 

(iii) Competent ductile mid-crust impure quartzite or marl: Demco® modelling clay 

(iv) Weak semi-ductile mid- to lower crust shale: Dow Corning® Dilatant 

Compound 3179 

(v) Weak semi-ductile mid- to lower crust impure quartzite or marl: Demco® 

modelling clay (60%) mixed with Crayola® Model Magic (40%) 

(vi) Ductile lower crust quartzite or carbonate rocks, layers of evaporite, or shale: 

Crazy Aaron’s Thinking Putty™ 

                                                      
2 Effective viscosity is defined here as the viscosity of a material at a given differential stress and fixed temperature 
(specified for each material, see Chapter 2 and Appendix A); viscosity influenced by strain rate (after Barnes et al., 
1989). 



 

 

 

161

 One material (Chavant™ Y2 Klay, a low density, high viscosity modelling clay) is found 

to be effectively immobile at low differential stress and practical experimental lengths. As such, it 

is recommended as an analogue for a dry rigid lower crust, or a rigid indenter.  

The second stage of material classification undertaken in this thesis was to find an 

analogue material for the brittle upper crust that would remain in place on the top of models 

inserted vertically into a centrifuge chamber. Of all the materials tested, two cohesive synthetic 

sands (Moon Sand™ and Deltasand™) develop brittle structures during shortening and extension 

on simple centrifuge models. Faults recording normal, reverse, and strike-slip sense movement 

are all observed, in addition to folds and rifts in the layers of both sands. Moon Sand™ and 

Deltasand™ can be imaged clearly in computed tomography (CT) scans using low-energy X-

rays, and their densities scale properly to other analogue modelling materials. Both sands are 

suggested as analogues for the brittle upper crust in future centrifuge models. 

4.3 Influence of reactivated basement faults on upper crustal structures 

Models representing two different stages of orogen evolution in the prototype (10 Myr 

and 35 Myr after initial collision) were analysed to determine if slip along a deep-seated fault 

could propagate to the upper crust. The model configuration is based on northern Indian basement 

faults rooted in the Precambrian cratons striking N040–050° and dipping 80–90° to the southeast, 

oblique to the east–west striking Himalayan orogen. Early stage models (simulating 10 Myr after 

initial collision) undergo very little shortening, dominantly accommodated by strike-slip motion 

along the basement fault. Later stage models (simulating 35 Myr after initial collision) record 

more shortening, which is accommodated by both strike-slip motion along the basement fault and 

folding in the middle and upper layers. Movement along the pre-cut basement fault in the rigid 

basal layer is controlled and accommodated with a lightweight modelling dough (Moon 
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Dough™) at the south and western edges of the model. This is a simple new development in 

centrifuge modelling that allows shortening and extension to occur simultaneously; deformation 

in these models is not plane-strain. The interpreted sense of motion along the basement fault is 

sinistral-normal. In later stage models, the middle and upper layers are shortened against a foam 

abutment while the basement is allowed to move underneath, simulating the underplating of India 

to Eurasia and the development of a fold and thrust belt in the middle and upper crust. 

Three major sets of structures are observed in all final models. Faults defining set 1 strike 

northeast–southwest (parallel to the basement fault) and have dominantly normal offset. Faults 

defining set 2 strike northwest–southeast and have dominantly dextral-sense offset. Faults 

defining set 3 strike east–west and record normal and reverse-sense offset. In models representing 

early stage development of the system (32 and 34), faults of set 3 are dominantly normal-sense; 

this is interpreted to be a result of sinistral-normal movement along the basement fault with no 

significant shortening accommodated. In models representing later stage development of the 

prototype (35 and 36), faults of set 3 are dominantly reverse-sense, with the exception of those 

associated with the east–west fold system. Reverse-sense faults are an expected result of north–

south shortening, and the normal-sense faults are interpreted as localized zones of extension in 

the hinges of the east–west folds. Reverse-sense faults of set 3 extend into the middle layers of 

the models. The three major fault sets are compared to three dominant fault sets in the prototype: 

the south Tibetan graben system (set 1), the Karakorum fault and Western Nepal Fault system 

(after Murphy et al., 2014; set 2), and the thrust faults of the major thrust sheets of the Himalaya 

(set 3). 

East–west-trending folds develop in later stage models and are observed to propagate 

from north to south. Folds are generally upright to gently inclined and in model 35 are 
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disharmonic between layers. Folds in the brittle upper layer are similar, cylindrical, and open with 

wavelengths of 9–11 mm (9–11 km in the prototype). Folds in the middle laminated layers are 

parallel, range from open to tight, and have wavelength ranging from 3–7 mm (3–7 km in the 

prototype; see Appendix B for photographs).  

Fracture sets 2 and 3, and east–west-trending folds are offset over the trace of the 

basement fault in the upper brittle layer, and are interpreted as influenced, but not localized, by 

the basement fault. Faults of set 1, however, develop parallel to the basement fault and appear to 

be spatially related to its location, stepping en échelon across the trace of it in the brittle upper 

layer. In 3D, faults of set 1 propagate from necking zones in the ductile lower layer (interpreted to 

be a result of slip along the basement fault) through the middle layer and into the upper brittle 

layer as normal faults. 

A generalized strain ellipse, modelling after a study by Harding (1985) focusing on 

flower structures, is shown in Figure 4.1. Based on the orientation of the principal applied stress 

(σ1) and the orientation of the pre-cut basement fault, a dominantly left-lateral strike-slip system 

is expected to develop, with associated synthetic en échelon shear-faults, antithetic right-lateral 

faults, and folds. Although a definite sinistral-sense offset in faults of set 1 is not observed, and 

they are interpreted as solely normal-sense faults, the strain ellipse is otherwise correct for models 

of this thesis (Figure 4.1). 

The orientations of the principal stresses suggest that all three major fracture sets and the 

east–west-trending folds would have developed regardless of the presence of an inherited 

basement fault. However, the evolution, location, and orientation of them may have been 

different (Figure 4.1). Faults defining set 1 have a unique orientation and relationship to the 

basement fault, stepping en échelon above it in the brittle upper layer.  
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Figure 4.1 

A schematic strain ellipse (modified from Harding, 1985) illustrating the structures that are 
expected to develop during compression in a system with a pre-existing fault (green dashed line) 
oriented ca. 20–25° from the principle stress direction, σ1 (s3). In this case the pre-existing fault 
is dipping towards the bottom right corner of the page and movement along the fault is predicted 
to be sinistral-normal. Left-stepping, left-lateral pull-apart basins and forced folds are expected 
in the same orientation as the pre-existing fault (blue). Antithetic, right-lateral faults (orange) are 
expected, as are folds striking perpendicular to the principle stress direction (pink). These 
structures are interpreted in models of this study. Pull-apart basins and antithetic right-lateral 
faults are observed in the models representing early evolution of the prototype (models 32 and 
34) where movement along the basement fault is dominantly strike-slip. Forced folds in the same 
orientation as the basement fault occur in the models representing later-stage development of the 
prototype (models 35 and 36) when shortening is accommodated in the middle and upper layers. 
Perpendicular (contraction) folds are observed in all models, but are more developed in the later 
stage models. Inset shows a generalized strain ellipse illustrating expected structures in a 
compressional system with no pre-existing fault. Structures are similar, but the two sets of strike-
slips faults would nucleate in the upper crust based on other factors (discussed in section 4.3), 
and pull-apart basins are not expected to develop in the left-lateral strike-slip faults (blue). 
Additionally, extensional structures develop parallel to the principle stress direction (black). 

(S3) 

(S3) 
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These normal-sense faults, interpreted as analogues for the south Tibetan graben, are expected as 

a response to east – west extension in the prototype regardless of the deep-seated faults in the 

underplated Indian basement, but their location would be based on other factors (already present 

weaknesses in the upper brittle crust, thickness variation in the upper crust or ductile mid-crust, 

etc.) The geographic alignment of the south Tibetan graben and the interpreted traces of the 

basement faults based on gravity data (Godin and Harris, 2014), coupled with the results of the 

models from this study, lead to the conclusion that the graben location is controlled by the 

presence of basement faults in the underplated Indian lower crust. 

4.4 Evolutionary model 

Results from this study, coupled with conclusions from other published works (Lister et 

al., 1986; Richard and Cobbold, 1990; Molnar, 1992; Higgins and Harris, 1997; Marshak and 

Paulsen, 1997; Teyssier and Tikoff, 1998), are combined into a generalized evolutionary model of 

basement fault offset propagating into overlying layers and localizing structures in the upper 

crust. Physical models in this study show that strain propagates differently through each layer: (1) 

brittle offset along the basement fault transfers into the ductile layer as plastic flow, the ductile 

layer (2) migrates away from the fault, forming necking zones, which transfers into the semi-

ductile laminated middle layer as plastic strain with (3) normal-sense offset faults localizing over 

these necking zones, transferring into the uppermost layer as brittle strain causing (4) normal 

faults (Figure 4.2). This sequence can be applied to the prototype system and generalized to other 

systems worldwide: (1) brittle strain in basement craton resulting from offset along a pre-existing 

fault transfers into overlying ductile lower crust, which accommodate lateral stretch by causing 

(2) the ductile lower crust to flow.  
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Figure 4.2 

Schematic diagram illustrating 
the proposed evolution model of 
strain transfer from the basement 
to the brittle upper crust. (a) An 
inherited fault in the basement 
crust (orange) is reactivated by 
applied stress from collision or 
rifting and begins to offset 
(normal-sense is shown). (b) The 
ductile lower crust, if present, 
(blue) begins to flow as space is 
created and changed around the 
offsetting fault. Necking zones 
form on either side of the fault as 
the ductile crust thins. (c) The 
necking zones transfer plastic 
strain to the mid-crust (green) as 
it moves into the space created 
by the flowing lower crust. The 
zone of strain transfer is shaded 
in red and the discontinuities 
developed above the basement 
fault are shown as black dashed 
lines. The green lines of the mid-
crust show offset across these 
lineaments. (d) The faults 
transfer brittle strain into the 
upper crust (beige), causing 
surface faults (in this case, 
normal). The example given is 
for dominantly normal offset 
along the basement fault; in cases 
where offset is dominantly 
reverse-sense, the evolution is 
interpreted to be similar, with the 
brittle strain eventually 
manifesting in the upper crust as 
reverse or thrust-sense faults. 
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Thickness variation of the ductile layer across the basement fault creates necking zones, which 

transfer plastic strain into overlying semi-ductile crust as (3) faults recording normal- or reverse-

sense offset or folds. These faults transfer into the brittle upper crust as (4) normal faults, reverse 

faults, or folds depending on the magnitude of strain transferred and the thickness and 

composition of the brittle upper crust. This sequence would be very similar in a system without a 

ductile layer, however structures would potentially localize directly above the basement fault and 

not propagate to either side of the basement fault via plastic strain transfer in the ductile crust 

(after Higgins and Harris, 1997).  

4.5 Future research considerations 

4.5.1 Other factors that may localize structures in the upper crust 

As mentioned in section 4.3, and discussed in previously published works, there are 

several other factors that may localize structures in the upper crust during deformation: inherited 

zones of weakness, thickness variation (either depositional, or post-depositional), or changing 

orientation of applied stresses. Although this study links deep-seated faults to upper crustal 

structures, no other factors were tested and their potential influence has not been documented. It 

would be useful to model these other potential factors, alone and coupled with the presence of 

basement faults, to determine the relative influence of each. 

4.5.2 Subduction zones 

This study focused on the continent-continent collision of India and Eurasia, and the 

implications are considered relevant for similar systems, including continental rifting and mid-

continent strike-slip environments. It is postulated that continental margin subduction zones, or 

continental margin strike-slip systems will behave differently due to the different crust 
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thicknesses and rock compositions. There are a number of other factors to consider, specifically 

in the case of continental margin subduction zones, where subduction angle, rate of collision, 

presence or absence of island arcs, overlying continental crust geometry, and age of the system 

would all impact the reactivation of basement faults and their influence on the upper crust. A 

study investigating continental margin subduction zone or strike-slip margin would be useful to 

further constrain our understanding of the reactivation of deep-seated, inherited structures. 

4.5.3 Economic implications 

Dolomite hydrocarbon reservoirs developed along faults have been important plays in oil 

and gas exploration for decades (Davies et al., 2006 and references therein). Many reservoirs are 

now interpreted to have a hydrothermal origin and be structurally controlled, leading to a change 

in exploration strategy in places with deep-seated faults. Structurally controlled hydrothermal 

dolomitization is defined by Davies et al. (2006) as dolomitization under burial conditions where 

the pressure and temperature of fluids (brines) is higher than the ambient temperature and 

pressure of the host rock (dominantly limestone); it is often found along extensional or 

transtensional fault systems (Figure 4.3). Mississippi Valley-type (MVT) and sedimentary-

exhalative (SEDEX) lead-zinc deposits may also be associated with hydrothermal dolomitization. 

Common tectonic settings of hydrothermal dolomite are those with anomalously high heat flow, 

such as extensional continental margins and back-arc basins, or along major wrench fault systems 

with deep basement involvement (Davies et al., 2006). 

There is extensive literature relating SEDEX and MVT mineral deposits and 

hydrothermal dolomite reservoirs to wrench fault systems (Davies et al., 2006 and references 

therein). The Zagros mountain belt, a result of the collision of the Iranian and Arabian plates, has 

a similar tectonic history to that of the Himalayan system.
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Figure 4.3 

A simplified, schematic diagram of a hydrothermal dolomite system modified from Davies et al. (2006). Offset along the deep-seated fault is 
sinistral-normal, and the fault develops into a reverse-flower structure as it advances through the crust. The hydrothermal fluid path is shown 
with red arrows. Limestone layers are altered to hydrothermal dolomite, shown near the fault zone in purple. Rock packages from the prototype 
area of this study are labeled on the side, with the Lower Vindhyan sequence shale acting as a potential source. Grey layers in the Upper 
Vindhyan sequence are shale layers that have the potential to act as seals. As discussed above, there is likely a lack of source rock in northern 
India, but the structural style can be applied to areas with deep-seated faults elsewhere. 
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Dolomitized zones targeted for hydrocarbon exploration in the Zagros fold-thrust belt are 

interpreted as structurally controlled by inherited basement faults, which reactivated during 

collision and localized extensional fault systems in the upper crust (Sharp et al., 2010). 

In the prototype area of this study, there is interpreted to be a lack of sufficient source 

rock (see Bose et al., 2001; Chakraborty, 2006; Prasad and Rao, 2006; Chatterjee et al., 2013) to 

create an economic hydrocarbon reservoir, despite the favourable structural conditions. 

Additionally, the magnitude of deformation, shortening, and crustal thickening that has occurred 

in the Himalaya is likely to have released or over-cooked any potential oil or gas reservoirs that 

may have developed during early-stage collision between India and Eurasia. Regardless, models 

of this thesis show wrench-type faults rooting into the deep-seated basement fault (Figure 4.3), 

and this geometry could be applied to systems with appropriate sedimentary facies that have 

experienced less deformation. 

Future modelling projects involving basement structures and their influence on the 

development of structures in the upper crust would be valuable, especially in relation to 

hydrocarbon and mineral exploration. A detailed study examining fluid flow along deep-seated 

faults under compression and extension would provide further insight into the evolution of 

economic deposits and potentially benefit future exploration techniques. 
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Appendix A 

Supplementary rheological data 

Strain sweep results for all materials; frequency was set at 1.0 Hz and strain was steadily 
increased to determine where the material reached linear viscoelasticity: 
 
 

Plasticine (black) 

Frequency Strain G' Modulus G'' Modulus G* Viscosity 

Hz (%) Mpa Mpa Mpa Poise 

1 0.25 0.6427 0.7339 0.9755 1.55E+06 

1 0.54 0.5565 0.6266 0.8380 1.33E+06 

1 0.96 0.4228 0.5024 0.6566 1.05E+06 

1 1.25 0.3606 0.4344 0.5646 8.99E+05 

1 1.52 0.3075 0.3856 0.4932 7.85E+05 

1 5.02 0.1195 0.1904 0.2248 3.58E+05 

1 10.05 0.0596 0.1064 0.1219 1.94E+05 

1 20.11 0.0281 0.0571 0.0636 1.01E+05 

1 29.98 0.0187 0.0398 0.0440 7.01E+04 

1 50.02 0.0118 0.0275 0.0299 4.76E+04 

           

Plasticine (white) 

Frequency Strain G' Modulus G'' Modulus G* Viscosity 

Hz (%) Mpa Mpa Mpa Poise 

1 0.28 0.2464 0.3453 0.4242 6.75E+06 

1 0.42 0.3734 0.3893 0.5394 8.59E+06 

1 0.56 0.3732 0.3860 0.5369 8.54E+06 

1 0.7 0.3580 0.3416 0.4948 7.88E+06 

1 0.84 0.3441 0.3005 0.4569 7.27E+06 

1 0.98 0.3108 0.2741 0.4144 6.60E+06 

1 1.25 0.2585 0.2469 0.3575 5.69E+06 

1 1.53 0.2160 0.2160 0.3054 4.86E+06 
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1 5.02 0.0804 0.0989 0.1275 2.03E+06 

1 10.03 0.0410 0.0578 0.0708 1.13E+06 

1 20.07 0.0223 0.0332 0.0400 6.37E+05 

1 29.96 0.0154 0.0241 0.0286 4.55E+05 

1 50.03 0.0098 0.0164 0.0191 3.04E+05 

           

Giotto Pongo (green) 

Frequency Strain G' Modulus G'' Modulus G* Viscosity 

Hz (%) Mpa Mpa Mpa Poise 

1 0.25 2.9568 2.3303 3.7647 5.99E+06 

1 0.54 1.9008 1.3408 2.3261 3.70E+06 

1 0.96 1.2064 0.8017 1.4485 2.31E+06 

1 1.25 0.9193 0.5919 1.0934 1.74E+06 

1 1.52 0.7521 0.4753 0.8897 1.42E+06 

1 5.02 0.2603 0.1803 0.3166 5.04E+05 

1 10.05 0.1301 0.1010 0.1647 2.62E+05 

1 20.11 0.0664 0.0616 0.0905 1.44E+05 

1 29.98 0.0488 0.0511 0.0707 1.13E+05 

1 50.02 0.0385 0.0493 0.0626 9.96E+04 

           

Giotto Pongo (yellow) 

Frequency Strain G' Modulus G'' Modulus G* Viscosity 

Hz (%) Mpa Mpa Mpa Poise 

1 0.28 4.0094 4.6506 6.1403 9.77E+07 

1 0.42 4.0991 4.2669 5.9168 9.42E+07 

1 0.56 3.8822 3.6093 5.3008 8.44E+07 

1 0.7 3.3382 2.9813 4.4757 7.12E+07 

1 0.84 2.8898 2.5108 3.8282 6.09E+07 

1 0.98 2.5294 2.0681 3.2673 5.20E+07 

1 1.25 1.9634 1.5476 2.5000 3.98E+07 

1 1.53 1.6044 1.2949 2.0618 3.28E+07 

1 5.02 0.5182 0.4559 0.6902 1.10E+07 
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1 10.03 0.2485 0.2408 0.3461 5.51E+06 

1 20.07 0.1250 0.1327 0.1823 2.90E+06 

1 29.96 0.0809 0.0948 0.1247 1.98E+06 

1 50.03 0.0569 0.0733 0.0928 1.48E+06 

           

Demco Modelling Clay (green) 

Frequency Strain G' Modulus G'' Modulus G* Viscosity 

Hz (%) Mpa Mpa Mpa Poise 

1 0.25 0.7003 0.8310 1.0867 1.73E+06 

1 0.54 0.5497 0.6672 0.8645 1.38E+06 

1 0.96 0.4094 0.5225 0.6638 1.06E+06 

1 1.25 0.3440 0.4434 0.5612 8.93E+05 

1 1.52 0.2923 0.3863 0.4844 7.71E+05 

1 5.02 0.1189 0.1906 0.2247 3.58E+05 

1 10.05 0.0651 0.1157 0.1328 2.11E+05 

1 20.11 0.0343 0.0687 0.0768 1.22E+05 

1 29.98 0.0240 0.0502 0.0556 8.85E+04 

1 50.02 0.0155 0.0354 0.0387 6.16E+04 

           

Demco Modelling Clay (brown) 

Frequency Strain G' Modulus G'' Modulus G* Viscosity 

Hz (%) Mpa Mpa Mpa Poise 

1 0.28 0.2968 0.2847 0.4113 6.55E+06 

1 0.42 0.2839 0.2775 0.3970 6.32E+06 

1 0.56 0.2656 0.2541 0.3676 5.85E+06 

1 0.7 0.2402 0.2332 0.3348 5.33E+06 

1 0.84 0.2183 0.2131 0.3051 4.86E+06 

1 0.98 0.1939 0.1844 0.2676 4.26E+06 

1 1.25 0.1643 0.1707 0.2370 3.77E+06 

1 1.53 0.1350 0.1536 0.2045 3.25E+06 

1 5.02 0.0564 0.0751 0.0939 1.50E+06 

1 10.03 0.0344 0.0474 0.0586 9.32E+05 
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1 20.07 0.0194 0.0299 0.0356 5.67E+05 

1 29.96 0.0136 0.0225 0.0263 4.18E+05 

1 50.03 0.0085 0.0155 0.0177 2.81E+05 

           

Y2 Klay (dark brown) 

Frequency Strain G' Modulus G'' Modulus G* Viscosity 

Hz (%) Mpa Mpa Mpa Poise 

1 0.25 14.6640 7.3226 16.3910 2.61E+07 

1 0.54 9.6226 5.6541 11.1610 1.78E+07 

1 0.96 6.2878 4.2972 7.6159 1.21E+07 

1 1.25 4.9332 3.5980 6.1059 9.72E+06 

1 1.52 4.0793 3.1259 5.1392 8.18E+06 

1 5.02 1.4624 1.4588 2.0656 3.29E+06 

1 10.05 0.7429 0.8073 1.0972 1.75E+06 

1 20.11 0.3516 0.4519 0.5726 9.11E+05 

1 29.98 0.2218 0.3201 0.3894 6.20E+05 

1 50.02 0.1255 0.2217 0.2548 4.06E+05 

           

Y2 Klay (light brown) 

Frequency Strain G' Modulus G'' Modulus G* Viscosity 

Hz (%) Mpa Mpa Mpa Poise 

1 0.28 6.0496 4.0162 7.2614 1.16E+08 

1 0.42 5.3670 3.6977 6.5175 1.04E+08 

1 0.56 5.0580 3.3324 6.0571 9.64E+07 

1 0.7 4.5250 2.9494 5.4013 8.60E+07 

1 0.84 3.9086 2.5997 4.6942 7.47E+07 

1 0.98 3.4014 2.4193 4.1740 6.64E+07 

1 1.25 2.7030 2.0295 3.3801 5.38E+07 

1 1.53 2.1987 1.7244 2.7943 4.45E+07 

1 5.02 0.6781 0.7366 1.0012 1.59E+07 

1 10.03 0.3328 0.4342 0.5471 8.71E+06 

1 20.07 0.1627 0.2656 0.3115 4.96E+06 
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1 29.96 0.1063 0.1925 0.2199 3.50E+06 

1 50.03 0.0672 0.1327 0.1488 2.37E+06 

           

Dow Corning Dilatant Compound (peach) 

Frequency Strain G' Modulus G'' Modulus G* Viscosity 

Hz (%) Mpa Mpa Mpa Poise 

1 0.98 0.0977 0.2183 0.2391 3.81E+05 

1 1.25 0.0992 0.2235 0.2446 3.89E+05 

1 1.53 0.0996 0.2244 0.2455 3.91E+05 

1 5.02 0.0833 0.2184 0.2337 3.72E+05 

1 10.03 0.0729 0.2111 0.2233 3.56E+05 

1 20.07 0.0648 0.1992 0.2095 3.33E+05 

1 29.96 0.0595 0.1891 0.1982 3.16E+05 

1 50.03 0.0528 0.1764 0.1841 2.93E+05 

           

Crazy Aaron's Thinking Putty (amethyst) 

Frequency Strain G' Modulus G'' Modulus G* Viscosity 

Hz (%) Mpa Mpa Mpa Poise 

1 0.98 0.0250 0.0721 0.0763 1.21E+05 

1 1.25 0.0255 0.0731 0.0775 1.23E+05 

1 1.53 0.0257 0.0759 0.0801 1.28E+05 

1 5.02 0.0214 0.0762 0.0792 1.26E+05 

1 10.03 0.0173 0.0730 0.0750 1.19E+05 

1 20.07 0.0139 0.0684 0.0698 1.11E+05 

1 29.96 0.0121 0.0647 0.0658 1.05E+05 

1 50.03 0.0101 0.0596 0.0604 9.62E+04 

           

Crazy Aaron's Thinking Putty (cyan) 

Frequency Strain G' Modulus G'' Modulus G* Viscosity 

Hz (%) Mpa Mpa Mpa Poise 

1 0.98 0.0189 0.0699 0.0724 1.15E+05 



 

 

 

194

1 1.25 0.0221 0.0736 0.0768 1.22E+05 

1 1.53 0.0226 0.0769 0.0802 1.28E+05 

1 5.02 0.0192 0.0779 0.0803 1.28E+05 

1 10.03 0.0168 0.0773 0.0791 1.26E+05 

1 20.07 0.0141 0.0736 0.0749 1.19E+05 

1 29.96 0.0126 0.0700 0.0711 1.13E+05 

1 50.03 0.0107 0.0656 0.0665 1.06E+05 

 
 
Frequency sweep results for all materials; strain was set at 0.42% for the more competent 
materials and 5.00% for the more viscous materials as frequency gradually increased: 
 
 

Plasticine (black) 

Strain Frequency G' Modulus G'' Modulus G* Viscosity 

(%) Hz Mpa Mpa Mpa Poise 

0.40 0.10 0.2129 0.2698 0.3436 5.47E+06 

0.42 0.20 0.4033 0.4059 0.5722 4.55E+06 

0.40 0.30 0.5223 0.4666 0.7004 3.72E+06 

0.40 0.40 0.5849 0.5054 0.7730 3.08E+06 

0.40 0.50 0.6370 0.5534 0.8438 2.69E+06 

0.40 0.60 0.6690 0.5668 0.8768 2.33E+06 

0.40 0.70 0.6797 0.5775 0.8919 2.03E+06 

0.40 0.80 0.7171 0.6149 0.9446 1.88E+06 

0.40 0.90 0.7465 0.6190 0.9697 1.72E+06 

0.42 1.00 0.7382 0.6150 0.9608 1.53E+06 

0.40 3.00 1.0110 0.9164 1.3645 7.24E+05 

0.40 5.00 1.1338 1.0737 1.5615 4.97E+05 

0.40 8.00 1.3081 1.2439 1.8051 3.59E+05 

0.42 10.00 1.3515 1.2701 1.8546 2.95E+05 

           

Plasticine (white) 

Strain Frequency G' Modulus G'' Modulus G* Viscosity 
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(%) Hz Mpa Mpa Mpa Poise 

0.40 0.10 0.3071 0.3693 0.4803 7.64E+06 

0.42 0.20 0.4856 0.4535 0.6644 5.29E+06 

0.40 0.30 0.5996 0.5094 0.7867 4.17E+06 

0.40 0.40 0.6596 0.5468 0.8568 3.41E+06 

0.40 0.50 0.7063 0.5576 0.8998 2.86E+06 

0.40 0.60 0.7411 0.6070 0.9579 2.54E+06 

0.40 0.70 0.7385 0.6283 0.9696 2.20E+06 

0.40 0.80 0.7958 0.6218 1.0099 2.01E+06 

0.40 0.90 0.8146 0.6458 1.0396 1.84E+06 

0.40 1.00 0.8293 0.6579 1.0586 1.69E+06 

0.42 3.00 1.0274 0.8884 1.3583 7.21E+05 

0.40 5.00 1.1899 1.0244 1.5701 5.00E+05 

0.40 8.00 1.3401 1.1958 1.7960 3.57E+05 

0.40 10.00 1.3915 1.2351 1.8605 2.96E+05 

           

Giotto Pongo (green) 

Strain Frequency G' Modulus G'' Modulus G* Viscosity 

(%) Hz Mpa Mpa Mpa Poise 

0.40 0.10 0.7912 1.1055 1.3594 2.16E+07 

0.40 0.20 1.5854 1.3926 2.1102 1.68E+07 

0.40 0.30 1.8549 1.2491 2.2362 1.19E+07 

0.40 0.40 1.9329 1.1662 2.2574 8.98E+06 

0.40 0.50 1.9511 1.0546 2.2179 7.06E+06 

0.40 0.60 1.9426 0.9968 2.1834 5.79E+06 

0.40 0.70 1.9411 0.9766 2.1729 4.94E+06 

0.40 0.80 1.9641 0.9660 2.1888 4.35E+06 

0.40 0.90 1.9341 0.9322 2.1470 3.80E+06 

0.40 1.00 1.9831 0.9648 2.2053 3.51E+06 

0.40 3.00 2.1805 1.0131 2.4043 1.28E+06 

0.40 5.00 2.2239 1.0026 2.4395 7.77E+05 

0.40 8.00 2.2991 1.0327 2.5204 5.01E+05 
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0.40 10.00 2.3249 1.0234 2.5402 4.04E+05 

           

Giotto Pongo (yellow) 

Strain Frequency G' Modulus G'' Modulus G* Viscosity 

(%) Hz Mpa Mpa Mpa Poise 

0.39 0.10 5.3446 5.9354 7.9870 1.27E+08 

0.40 0.20 8.2491 5.5150 9.9229 7.90E+07 

0.42 0.30 7.9271 4.2445 8.9919 4.77E+07 

0.42 0.40 7.5415 3.7113 8.4053 3.34E+07 

0.40 0.50 7.5766 3.3921 8.3013 2.64E+07 

0.42 0.60 7.0162 3.1280 7.6819 2.04E+07 

0.40 0.70 7.0662 3.0188 7.6840 1.75E+07 

0.40 0.80 6.8125 2.8278 7.3761 1.47E+07 

0.40 0.90 7.0635 2.9556 7.6569 1.35E+07 

0.40 1.00 7.2464 3.0602 7.8660 1.25E+07 

0.42 3.00 7.1013 2.9438 7.6873 4.08E+06 

0.40 5.00 7.2391 2.9126 7.8030 2.48E+06 

0.40 8.00 7.1157 2.9426 7.7001 1.53E+06 

0.42 10.00 6.7325 2.8342 7.3047 1.16E+06 

           

Demco Modelling Clay (green) 

Strain Frequency G' Modulus G'' Modulus G* Viscosity 

(%) Hz Mpa Mpa Mpa Poise 

0.40 0.10 0.1758 0.2618 0.3153 5.02E+06 

0.42 0.20 0.3507 0.3955 0.5286 4.21E+06 

0.40 0.30 0.4625 0.4665 0.6569 3.49E+06 

0.40 0.40 0.5224 0.4972 0.7212 2.87E+06 

0.40 0.50 0.5637 0.5239 0.7696 2.45E+06 

0.40 0.60 0.6011 0.5586 0.8205 2.18E+06 

0.40 0.70 0.6024 0.5692 0.8288 1.88E+06 

0.40 0.80 0.6610 0.5814 0.8803 1.75E+06 
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0.40 0.90 0.6465 0.6133 0.8911 1.58E+06 

0.40 1.00 0.6772 0.6294 0.9245 1.47E+06 

0.40 3.00 0.8703 0.8756 1.2346 6.55E+05 

0.40 5.00 0.9794 1.0233 1.4165 4.51E+05 

0.40 8.00 1.1183 1.1931 1.6353 3.25E+05 

0.42 10.00 1.1653 1.2195 1.6868 2.69E+05 

 

Demco Modelling Clay (brown) 

Strain Frequency G' Modulus G'' Modulus G* Viscosity 

(%) Hz Mpa Mpa Mpa Poise 

0.40 0.10 0.1282 0.1969 0.2349 3.74E+06 

0.42 0.20 0.2673 0.3095 0.4089 3.25E+06 

0.40 0.30 0.3588 0.3734 0.5178 2.75E+06 

0.40 0.40 0.4252 0.4146 0.5939 2.36E+06 

0.40 0.50 0.4638 0.4439 0.6420 2.04E+06 

0.40 0.60 0.4811 0.4599 0.6656 1.77E+06 

0.42 0.70 0.4997 0.4754 0.6897 1.57E+06 

0.40 0.80 0.5225 0.5198 0.7370 1.47E+06 

0.40 0.90 0.5570 0.5186 0.7611 1.35E+06 

0.40 1.00 0.5730 0.5266 0.7782 1.24E+06 

0.40 3.00 0.7670 0.7590 1.0791 5.73E+05 

0.40 5.00 0.8691 0.8943 1.2470 3.97E+05 

0.40 8.00 0.9956 1.0556 1.4510 2.89E+05 

0.40 10.00 1.0657 1.1270 1.5511 2.47E+05 

           

Demco Modelling Clay (brown) 

Strain Frequency G' Modulus G'' Modulus G* Viscosity 

(%) Hz Mpa Mpa Mpa Poise 

0.40 0.10 0.1282 0.1969 0.2349 3.74E+06 

0.42 0.20 0.2673 0.3095 0.4089 3.25E+06 

0.40 0.30 0.3588 0.3734 0.5178 2.75E+06 

0.40 0.40 0.4252 0.4146 0.5939 2.36E+06 
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0.40 0.50 0.4638 0.4439 0.6420 2.04E+06 

0.40 0.60 0.4811 0.4599 0.6656 1.77E+06 

0.42 0.70 0.4997 0.4754 0.6897 1.57E+06 

0.40 0.80 0.5225 0.5198 0.7370 1.47E+06 

0.40 0.90 0.5570 0.5186 0.7611 1.35E+06 

0.40 1.00 0.5730 0.5266 0.7782 1.24E+06 

0.40 3.00 0.7670 0.7590 1.0791 5.73E+05 

0.40 5.00 0.8691 0.8943 1.2470 3.97E+05 

0.40 8.00 0.9956 1.0556 1.4510 2.89E+05 

0.40 10.00 1.0657 1.1270 1.5511 2.47E+05 

           

Y2 Klay (dark brown) 

Strain Frequency G' Modulus G'' Modulus G* Viscosity 

(%) Hz Mpa Mpa Mpa Poise 

0.39 0.10 7.5096 5.5764 9.3536 1.49E+08 

0.39 0.20 9.6613 5.7416 11.2390 8.94E+07 

0.40 0.30 10.5760 5.5349 11.9370 6.33E+07 

0.40 0.40 11.1970 5.4080 12.4340 4.95E+07 

0.40 0.50 11.4720 5.3031 12.6390 4.02E+07 

0.40 0.60 11.5870 5.2279 12.7120 3.37E+07 

0.40 0.70 11.7030 5.1571 12.7880 2.91E+07 

0.40 0.80 11.7220 5.0424 12.7600 2.54E+07 

0.40 0.90 11.6310 5.0936 12.6970 2.25E+07 

0.42 1.00 11.2320 4.9265 12.2650 1.95E+07 

0.42 3.00 12.0540 5.2269 13.1390 6.97E+06 

0.42 5.00 12.4550 5.5150 13.6210 4.34E+06 

0.40 8.00 13.3560 5.9302 14.6130 2.91E+06 

0.40 10.00 13.4990 6.0183 14.7790 2.35E+06 

           

Y2 Klay (light brown) 

Strain Frequency G' Modulus G'' Modulus G* Viscosity 
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(%) Hz Mpa Mpa Mpa Poise 

0.39 0.10 5.9027 4.0170 7.1398 1.14E+08 

0.40 0.20 7.5243 3.7300 8.3981 6.68E+07 

0.42 0.30 7.7105 3.5374 8.4832 4.50E+07 

0.42 0.40 7.9319 3.4547 8.6516 3.44E+07 

0.40 0.50 8.2754 3.5430 9.0020 2.87E+07 

0.40 0.60 8.4128 3.5248 9.1214 2.42E+07 

0.40 0.70 8.3918 3.5116 9.0969 2.07E+07 

0.40 0.80 8.4813 3.5362 9.1890 1.83E+07 

0.40 0.90 8.5421 3.6555 9.2914 1.64E+07 

0.42 1.00 8.3021 3.4710 8.9985 1.43E+07 

0.42 3.00 9.0298 3.9401 9.8520 5.23E+06 

0.40 5.00 9.5865 4.1919 10.4630 3.33E+06 

0.40 8.00 9.7901 4.4070 10.7360 2.14E+06 

0.40 10.00 9.8495 4.4748 10.8180 1.72E+06 

           

Dow Corning Dilatant Compound (peach) 

Strain Frequency G' Modulus G'' Modulus G* Viscosity 

(%) Hz Mpa Mpa Mpa Poise 

5.03 0.10 0.0038 0.0333 0.0335 5.33E+05 

5.00 0.20 0.0141 0.0660 0.0675 5.37E+05 

5.00 0.30 0.0241 0.0948 0.0978 5.19E+05 

5.00 0.40 0.0328 0.1211 0.1254 4.99E+05 

5.00 0.50 0.0439 0.1477 0.1541 4.91E+05 

5.00 0.60 0.0552 0.1732 0.1817 4.82E+05 

4.99 0.70 0.0680 0.1962 0.2076 4.72E+05 

5.00 0.80 0.0787 0.2187 0.2324 4.62E+05 

5.00 0.90 0.0933 0.2379 0.2556 4.52E+05 

4.99 1.00 0.1086 0.2589 0.2807 4.47E+05 

5.00 3.00 0.3977 0.4398 0.5930 3.15E+05 

4.99 5.00 0.5921 0.4393 0.7373 2.35E+05 

4.99 8.00 0.7417 0.3872 0.8367 1.67E+05 
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5.00 10.00 0.7944 0.3489 0.8676 1.38E+05 

 

Crazy Aaron's Thinking Putty (amethyst) 

Strain Frequency G' Modulus G'' Modulus G* Viscosity 

(%) Hz Mpa Mpa Mpa Poise 

5.00 0.10 0.0003 0.0072 0.0073 1.15E+05 

5.00 0.20 0.0028 0.0181 0.0183 1.46E+05 

5.00 0.30 0.0044 0.0259 0.0263 1.39E+05 

5.00 0.40 0.0061 0.0342 0.0347 1.38E+05 

5.00 0.50 0.0078 0.0426 0.0433 1.38E+05 

4.99 0.60 0.0100 0.0494 0.0504 1.34E+05 

5.00 0.70 0.0110 0.0575 0.0585 1.33E+05 

5.00 0.80 0.0134 0.0664 0.0678 1.35E+05 

5.00 0.90 0.0166 0.0709 0.0728 1.29E+05 

5.00 1.00 0.0186 0.0781 0.0803 1.28E+05 

5.00 3.00 0.0828 0.1850 0.2027 1.08E+05 

5.00 5.00 0.1548 0.2457 0.2904 9.24E+04 

4.99 8.00 0.2524 0.2831 0.3793 7.55E+04 

4.99 10.00 0.3027 0.2878 0.4176 6.65E+04 

           

Crazy Aaron's Thinking Putty (cyan) 

Strain Frequency G' Modulus G'' Modulus G* Viscosity 

(%) Hz Mpa Mpa Mpa Poise 

5.00 0.10 0.0004 0.0072 0.0073 1.16E+05 

4.99 0.20 0.0013 0.0162 0.0163 1.30E+05 

4.99 0.30 0.0027 0.0243 0.0244 1.30E+05 

5.00 0.40 0.0034 0.0325 0.0327 1.30E+05 

5.00 0.50 0.0055 0.0401 0.0405 1.29E+05 

5.00 0.60 0.0075 0.0483 0.0489 1.30E+05 

5.00 0.70 0.0081 0.0553 0.0559 1.27E+05 

5.00 0.80 0.0109 0.0645 0.0654 1.30E+05 

5.00 0.90 0.0126 0.0693 0.0704 1.25E+05 



 

 

 

201

5.00 1.00 0.0149 0.0762 0.0777 1.24E+05 

5.00 3.00 0.0793 0.1873 0.2034 1.08E+05 

5.00 5.00 0.1543 0.2473 0.2915 9.28E+04 

5.00 8.00 0.2526 0.2857 0.3813 7.59E+04 

5.00 10.00 0.3025 0.2875 0.4173 6.64E+04 

 

Cross model tables and graphs for all materials follow on subsequent pages. 
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Crazy Aaron’s Thinking Putty™, Amethyst: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cross Model parameters
Zero shear viscosity  15708.90
Relaxation time  0.02
Shear thinning index (1-n) k 0.75
Flow behaviour n 0.25

Shear rate (1/s) Shear Viscosity (Pa-s) Cross model prediction ep
2

0.000628319 15705.47175
0.006283185 15689.47134
0.062831853 15599.34765
0.628318531 15107.23115
1.256637061 14580 14720.4256 9.1878E-05
1.884955592 13930 14396.64532 0.001085731
2.513274123 13830 14111.24625 0.000405295
3.141592654 13800 13853.21451 1.48126E-05
3.769911184 13370 13616.29216 0.000333195
4.398229715 13300 13396.44546 5.2206E-05
5.026548246 13480 13190.86047 0.000470148
5.654866776 12880 12997.46441 8.24205E-05
6.283185307 12780 12814.66837 7.33886E-06
18.84955592 10750 10355.89844 0.001394985
31.41592654 9244 8927.349602 0.001214881
50.26548246 7545 7543.162256 5.93413E-08
62.83185307 6647 6887.477357 0.001263039

0.006415989

2. ENTER INITIAL ESTIMATES FOR THE CROSS MODEL PARAMETERS IN CELLS E3-E5, 
TRYING TO MATCH THE EXPERIMENTAL DATA AS WELL AS POSSIBLE

1. ENTER YOUR EXPERIMENTAL DATA IN COLUMNS B AND C. CHECK OUT THE VISOSITY 
VS. SHEAR RATE PLOT

3. THE SUM OF ERRORS CELL (E17) MUST BE MINIMIZED BY VARYING CELLS E3-E5 USING 
THE SOLVER FUNCTION

SUM OF ERRORS

1.00E+03 

1.00E+04 

1.00E+05 

1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02 

V
is

co
si

ty
 (

P
a

-s
) 

Shear rate (1/s) 

CATP Amethyst Measured 

CATP Amethyst Cross 
Model 
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Crazy Aaron’s Thinking Putty™, Cyan: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cross Model parameters
Zero shear viscosity  13880.52
Relaxation time  0.02
Shear thinning index (1-n) k 0.96
Flow behaviour n 0.04

Shear rate (1/s) Shear Viscosity (Pa-s) Cross model prediction ep
2

0.000628319 13880.28434
0.006283185 13878.40726
0.062831853 13861.37296
0.628318531 13708.47306
1.256637061 12970 13550.0651 0.001914268
1.884955592 12950 13398.57261 0.001159565
2.513274123 13000 13252.48599 0.000370016
3.141592654 12880 13111.02835 0.000316058
3.769911184 12960 12973.70085 1.11642E-06
4.398229715 12710 12840.14358 0.000103783
5.026548246 13010 12710.07752 0.000543967
5.654866776 12450 12583.27578 0.00011338
6.283185307 12360 12459.54741 6.43483E-05
18.84955592 10790 10461.11994 0.000958166
31.41592654 9278 9052.51219 0.000605342
50.26548246 7587 7556.804218 1.59032E-05
62.83185307 6641 6816.296674 0.000678798

0.006844712

2. ENTER INITIAL ESTIMATES FOR THE CROSS MODEL PARAMETERS IN CELLS E3-E5, 
TRYING TO MATCH THE EXPERIMENTAL DATA AS WELL AS POSSIBLE

1. ENTER YOUR EXPERIMENTAL DATA IN COLUMNS B AND C. CHECK OUT THE VISOSITY 
VS. SHEAR RATE PLOT

3. THE SUM OF ERRORS CELL (E17) MUST BE MINIMIZED BY VARYING CELLS E3-E5 USING 
THE SOLVER FUNCTION

SUM OF ERRORS

1.00E+03 

1.00E+04 

1.00E+05 

1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02

V
is

co
si

ty
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Dow Corning® Dilatant Compound, Peach: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cross Model parameters
Zero shear viscosity  60255.76
Relaxation time  0.06
Shear thinning index (1-n) k 0.92
Flow behaviour n 0.08

Shear rate (1/s) Shear Viscosity (Pa-s) Cross model prediction ep
2

0.000628319 60251.10094
0.006283185 60216.81665
0.062831853 59931.60874
0.628318531 53310 57648.09244 0.006120438
1.256637061 53690 55497.95201 0.001096892
1.884955592 51890 53579.25917 0.001026302
2.513274123 49900 51833.92518 0.001445814
3.141592654 49060 50229.50139 0.000555003
3.769911184 48210 48744.12205 0.0001214
4.398229715 47200 47361.64077 1.16878E-05
5.026548246 46240 46069.47822 1.36499E-05
5.654866776 45200 44857.48589 5.78604E-05
6.283185307 44680 43717.27331 0.000474485
18.84955592 31460 29506.13101 0.004111224
31.41592654 23470 22572.93428 0.001518772
50.26548246 16650 16853.26359 0.000147237
62.83185307 13810 14471.1086 0.002186608

0.01888737

2. ENTER INITIAL ESTIMATES FOR THE CROSS MODEL PARAMETERS IN CELLS E3-E5, 
TRYING TO MATCH THE EXPERIMENTAL DATA AS WELL AS POSSIBLE

1. ENTER YOUR EXPERIMENTAL DATA IN COLUMNS B AND C. CHECK OUT THE VISOSITY 
VS. SHEAR RATE PLOT

3. THE SUM OF ERRORS CELL (E17) MUST BE MINIMIZED BY VARYING CELLS E3-E5 USING 
THE SOLVER FUNCTION

SUM OF ERRORS
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Demco® Modelling Clay, Brown: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cross Model parameters
Zero shear viscosity  650000.00
Relaxation time  0.88
Shear thinning index (1-n) k 0.82
Flow behaviour n 0.18

Shear rate (1/s) Shear Viscosity (Pa-s) Cross model prediction ep
2

0.000628319 648565.4847
0.006283185 640736.5864
0.062831853 593878.496
0.628318531 373900 401807.0565 0.005181643
1.256637061 325400 311457.7563 0.001917694
1.884955592 274700 258673.2579 0.003613679
2.513274123 236300 223157.7033 0.003274526
3.141592654 204400 197304.1822 0.001248368
3.769911184 176500 177492.1607 3.14224E-05
4.398229715 156800 161745.4438 0.000964268
5.026548246 146600 148882.1047 0.000238609
5.654866776 134600 138146.9189 0.000676537
6.283185307 123900 129032.3763 0.001647431
18.84955592 57250 59696.29102 0.001750774
31.41592654 39690 40632.09511 0.000550325
50.26548246 28870 28259.94213 0.00045615
62.83185307 24690 23730.61399 0.001570724

0.023122149

2. ENTER INITIAL ESTIMATES FOR THE CROSS MODEL PARAMETERS IN CELLS E3-E5, 
TRYING TO MATCH THE EXPERIMENTAL DATA AS WELL AS POSSIBLE

1. ENTER YOUR EXPERIMENTAL DATA IN COLUMNS B AND C. CHECK OUT THE VISOSITY 
VS. SHEAR RATE PLOT

3. THE SUM OF ERRORS CELL (E17) MUST BE MINIMIZED BY VARYING CELLS E3-E5 USING 
THE SOLVER FUNCTION

SUM OF ERRORS
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Demco® Modelling Clay, Green: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cross Model parameters
Zero shear viscosity  760000.00
Relaxation time  0.76
Shear thinning index (1-n) k 0.87
Flow behaviour n 0.13

Shear rate (1/s) Shear Viscosity (Pa-s) Cross model prediction ep
2

0.000628319 759001.3325
0.006283185 752703.3277
0.062831853 709338.5942
0.628318531 502000 497970.6113 6.49484E-05
1.256637061 421000 387770.325 0.006760065
1.884955592 349000 321424.9405 0.006774586
2.513274123 287000 276246.8165 0.001458284
3.141592654 245000 243192.4343 5.48365E-05
3.769911184 218000 217816.8689 7.06279E-07
4.398229715 188000 197646.9436 0.002504038
5.026548246 175000 181185.2705 0.00120646
5.654866776 158000 167467.2632 0.003386408
6.283185307 147000 155841.1679 0.003411115
18.84955592 65500 68760.86274 0.002360462
31.41592654 45100 45627.165 0.000135048
50.26548246 32500 30974.43743 0.002311477
62.83185307 26900 25708.51059 0.00205247

0.032480904

2. ENTER INITIAL ESTIMATES FOR THE CROSS MODEL PARAMETERS IN CELLS E3-E5, 
TRYING TO MATCH THE EXPERIMENTAL DATA AS WELL AS POSSIBLE

1. ENTER YOUR EXPERIMENTAL DATA IN COLUMNS B AND C. CHECK OUT THE VISOSITY 
VS. SHEAR RATE PLOT

3. THE SUM OF ERRORS CELL (E17) MUST BE MINIMIZED BY VARYING CELLS E3-E5 USING 
THE SOLVER FUNCTION

SUM OF ERRORS
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Demco® Modelling Clay and Crayola® Model Magic mix (60:40 by wt%): 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cross Model parameters
Zero shear viscosity  248000.00
Relaxation time  0.57
Shear thinning index (1-n) k 0.89
Flow behaviour n 0.11

Shear rate (1/s) Shear Viscosity (Pa-s) Cross model prediction ep
2

0.000628319 247790.3861
0.006283185 246374.1062
0.062831853 235857.5032
0.628318531 174000 176937.6319 0.000280295
1.256637061 142300 142088.1442 2.21982E-06
1.884955592 128100 119791.8277 0.004496472
2.513274123 107100 104052.1665 0.000833512
3.141592654 97470 92256.44672 0.003021973
3.769911184 84310 83044.51761 0.000228725
4.398229715 73750 75628.1201 0.000632381
5.026548246 70560 69515.22129 0.000222537
5.654866776 60940 64381.2558 0.003017608
6.283185307 55760 60002.7203 0.005377748
18.84955592 25550 26526.07132 0.001405557
31.41592654 17430 17502.18608 1.70811E-05
50.26548246 11830 11792.63872 1.00057E-05
62.83185307 10220 9747.552585 0.002240162

0.021786276

2. ENTER INITIAL ESTIMATES FOR THE CROSS MODEL PARAMETERS IN CELLS E3-E5, 
TRYING TO MATCH THE EXPERIMENTAL DATA AS WELL AS POSSIBLE

1. ENTER YOUR EXPERIMENTAL DATA IN COLUMNS B AND C. CHECK OUT THE VISOSITY 
VS. SHEAR RATE PLOT

3. THE SUM OF ERRORS CELL (E17) MUST BE MINIMIZED BY VARYING CELLS E3-E5 USING 
THE SOLVER FUNCTION
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Giotto Pongo Modelling Clay, Green: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cross Model parameters
Zero shear viscosity  7600000.00
Relaxation time  3.30
Shear thinning index (1-n) k 0.98
Flow behaviour n 0.02

Shear rate (1/s) Shear Viscosity (Pa-s) Cross model prediction ep
2

0.000628319 7582632.33
0.006283185 7435860.509
0.062831853 6266818.562
0.628318531 2164000 2491615.991 0.019873424
1.256637061 1679000 1503425.456 0.012199696
1.884955592 1186000 1079046.815 0.008931805
2.513274123 898200 842518.2737 0.004095668
3.141592654 706000 691544.0334 0.00042801
3.769911184 579200 586742.3515 0.000167391
4.398229715 494000 509705.0783 0.000979487
5.026548246 435400 450669.5921 0.001188133
5.654866776 379700 403974.1285 0.003840203
6.283185307 351000 366108.0679 0.001775976
18.84955592 127600 128288.8723 2.89892E-05
31.41592654 77650 78127.60594 3.76004E-05
50.26548246 50140 49387.2444 0.000228823
62.83185307 40430 39702.32032 0.000329875

0.054105083

2. ENTER INITIAL ESTIMATES FOR THE CROSS MODEL PARAMETERS IN CELLS E3-E5, 
TRYING TO MATCH THE EXPERIMENTAL DATA AS WELL AS POSSIBLE

1. ENTER YOUR EXPERIMENTAL DATA IN COLUMNS B AND C. CHECK OUT THE VISOSITY 
VS. SHEAR RATE PLOT

3. THE SUM OF ERRORS CELL (E17) MUST BE MINIMIZED BY VARYING CELLS E3-E5 USING 
THE SOLVER FUNCTION
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Giotto Pongo Modelling Clay, Yellow: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cross Model parameters
Zero shear viscosity  75900000.00
Relaxation time  7.23
Shear thinning index (1-n) k 1.06
Flow behaviour n -0.06

Shear rate (1/s) Shear Viscosity (Pa-s) Cross model prediction ep
2

0.000628319 75654708.42
0.006283185 73161329.4
0.062831853 52995944.56
0.628318531 12710000 12671586.61 9.16196E-06
1.256637061 7896000 6645797.499 0.029711969
1.884955592 4770000 4456387.934 0.004625054
2.513274123 3344000 3334373.016 8.31189E-06
3.141592654 2642000 2655226.389 2.49372E-05
3.769911184 2038000 2201213.571 0.005935146
4.398229715 1747000 1876912.383 0.005144913
5.026548246 1467000 1634012.778 0.011625005
5.654866776 1354000 1445478.174 0.004274153
6.283185307 1252000 1295015.652 0.001141123
18.84955592 407800 407858.7569 2.07568E-08
31.41592654 248400 237571.1253 0.001986779
50.26548246 153200 144367.3155 0.003526389
62.83185307 116300 113942.2921 0.000419469

0.068432431

2. ENTER INITIAL ESTIMATES FOR THE CROSS MODEL PARAMETERS IN CELLS E3-E5, 
TRYING TO MATCH THE EXPERIMENTAL DATA AS WELL AS POSSIBLE

1. ENTER YOUR EXPERIMENTAL DATA IN COLUMNS B AND C. CHECK OUT THE VISOSITY 
VS. SHEAR RATE PLOT

3. THE SUM OF ERRORS CELL (E17) MUST BE MINIMIZED BY VARYING CELLS E3-E5 USING 
THE SOLVER FUNCTION
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Plasticine®, Black: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cross Model parameters
Zero shear viscosity  1200000.00
Relaxation time  1.61
Shear thinning index (1-n) k 0.80
Flow behaviour n 0.20

Shear rate (1/s) Shear Viscosity (Pa-s) Cross model prediction ep
2

0.000628319 1195131.881
0.006283185 1170053.091
0.062831853 1033749.555
0.628318531 546900 596858.0174 0.007641083
1.256637061 455300 435217.8875 0.002034889
1.884955592 371600 349979.2608 0.003593296
2.513274123 307600 295878.4722 0.001509434
3.141592654 268600 257983.2495 0.001626398
3.769911184 232600 229732.233 0.000153904
4.398229715 202800 207739.4816 0.000579102
5.026548246 187900 190063.2957 0.000131039
5.654866776 171500 175503.0859 0.00053238
6.283185307 152900 163273.1502 0.004308669
18.84955592 72390 73795.35955 0.000369704
31.41592654 49700 50117.04683 6.98273E-05
50.26548246 35910 34895.3835 0.000821468
62.83185307 29520 29341.32134 3.68594E-05

0.023408053

2. ENTER INITIAL ESTIMATES FOR THE CROSS MODEL PARAMETERS IN CELLS E3-E5, 
TRYING TO MATCH THE EXPERIMENTAL DATA AS WELL AS POSSIBLE

1. ENTER YOUR EXPERIMENTAL DATA IN COLUMNS B AND C. CHECK OUT THE VISOSITY 
VS. SHEAR RATE PLOT

3. THE SUM OF ERRORS CELL (E17) MUST BE MINIMIZED BY VARYING CELLS E3-E5 USING 
THE SOLVER FUNCTION

SUM OF ERRORS
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Plasticine®, White: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cross Model parameters
Zero shear viscosity  1900000.00
Relaxation time  2.65
Shear thinning index (1-n) k 0.82
Flow behaviour n 0.18

Shear rate (1/s) Shear Viscosity (Pa-s) Cross model prediction ep
2

0.000628319 1889765.44
0.006283185 1834992.938
0.062831853 1542540.004
0.628318531 764400 755212.3221 0.000146223
1.256637061 528700 517985.089 0.000419214
1.884955592 417400 403065.6804 0.001221186
2.513274123 340900 333562.9995 0.000473386
3.141592654 286400 286423.3641 6.65452E-09
3.769911184 254100 252095.7166 6.27113E-05
4.398229715 220400 225850.7386 0.000596837
5.026548246 200900 205059.4616 0.000419952
5.654866776 183800 188135.7592 0.000543618
6.283185307 168500 174062.1726 0.001054743
18.84955592 72060 75117.83028 0.001727138
31.41592654 49980 50197.19052 1.88021E-05
50.26548246 35730 34502.85758 0.001221399
62.83185307 29610 28848.50653 0.000678807

0.008584021

2. ENTER INITIAL ESTIMATES FOR THE CROSS MODEL PARAMETERS IN CELLS E3-E5, 
TRYING TO MATCH THE EXPERIMENTAL DATA AS WELL AS POSSIBLE

1. ENTER YOUR EXPERIMENTAL DATA IN COLUMNS B AND C. CHECK OUT THE VISOSITY 
VS. SHEAR RATE PLOT

3. THE SUM OF ERRORS CELL (E17) MUST BE MINIMIZED BY VARYING CELLS E3-E5 USING 
THE SOLVER FUNCTION
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Chavant™ Y2 Klay Modelling Clay, Dark Brown: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cross Model parameters
Zero shear viscosity  60000000.00
Relaxation time  4.86
Shear thinning index (1-n) k 0.97
Flow behaviour n 0.03

Shear rate (1/s) Shear Viscosity (Pa-s) Cross model prediction ep
2

0.000628319 59787448.69
0.006283185 58056377.38
0.062831853 45618321.8
0.628318531 14890000 15117983 0.000230892
1.256637061 8943000 8783295.957 0.000324698
1.884955592 6333000 6214604.899 0.000356149
2.513274123 4948000 4818009.535 0.000708761
3.141592654 4023000 3938692.317 0.000448555
3.769911184 3372000 3333496.325 0.00013189
4.398229715 2908000 2891190.063 3.36093E-05
5.026548246 2539000 2553626.149 3.29943E-05
5.654866776 2245000 2287427.136 0.000350519
6.283185307 1952000 2072055.362 0.003562485
18.84955592 697000 727270.2745 0.001807335
31.41592654 433600 444328.0289 0.000597345
50.26548246 290700 281898.2888 0.000945285
62.83185307 235200 227043.8378 0.001245603

0.010776119

2. ENTER INITIAL ESTIMATES FOR THE CROSS MODEL PARAMETERS IN CELLS E3-E5, 
TRYING TO MATCH THE EXPERIMENTAL DATA AS WELL AS POSSIBLE

1. ENTER YOUR EXPERIMENTAL DATA IN COLUMNS B AND C. CHECK OUT THE VISOSITY 
VS. SHEAR RATE PLOT

3. THE SUM OF ERRORS CELL (E17) MUST BE MINIMIZED BY VARYING CELLS E3-E5 USING 
THE SOLVER FUNCTION
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Chavant™ Y2 Klay Modelling Clay, Light Brown: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cross Model parameters
Zero shear viscosity  50000000.00
Relaxation time  5.87
Shear thinning index (1-n) k 0.96
Flow behaviour n 0.04

Shear rate (1/s) Shear Viscosity (Pa-s) Cross model prediction ep
2

0.000628319 49773365.92
0.006283185 47996054.69
0.062831853 36157124.06
0.628318531 11360000 11084935.81 0.000600807
1.256637061 6683000 6377226.61 0.002193394
1.884955592 4500000 4502411.247 2.86963E-07
2.513274123 3442000 3489571.208 0.000188408
3.141592654 2865000 2853696.686 1.56271E-05
3.769911184 2420000 2416656.262 1.91176E-06
4.398229715 2068000 2097452.573 0.000199985
5.026548246 1828000 1853898.667 0.000197918
5.654866776 1643000 1661836.43 0.000129947
6.283185307 1432000 1506424.992 0.002567167
18.84955592 522700 533842.1216 0.000444892
31.41592654 333000 327884.3602 0.000239677
50.26548246 213600 209084.9883 0.000456433
62.83185307 172200 168815.531 0.000394023

0.007630476

2. ENTER INITIAL ESTIMATES FOR THE CROSS MODEL PARAMETERS IN CELLS E3-E5, 
TRYING TO MATCH THE EXPERIMENTAL DATA AS WELL AS POSSIBLE

1. ENTER YOUR EXPERIMENTAL DATA IN COLUMNS B AND C. CHECK OUT THE VISOSITY 
VS. SHEAR RATE PLOT

3. THE SUM OF ERRORS CELL (E17) MUST BE MINIMIZED BY VARYING CELLS E3-E5 USING 
THE SOLVER FUNCTION
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Appendix B 

Preliminary models and additional CT scan images 

 

  
  

Model 17

Model 18

Model 20

Composition: 12 mm Y2 Klay, 20 mm layered sequence 
(DC, DMC, and DMC-60), 4 mm brittle upper layer 
(LMS, MS, and beeswax).

Basement geometry: Pre-cut fault striking 40° E of N 
and dipping 40° SE. Rift topography cut into north end 
of basement block.

Notes: Basement block too stif f, had nowhere to move 
into so collapsing wedge tipped rigid plate into model 
after 4 stages of shortening. Brittle top fractured but is 
too stiff; breaks without actually ‘faulting’.

Composition: 12 mm Y2 Klay, 20 mm layered sequence 
(DC, DMC, and DMC-60), 4 mm brittle upper layer 
(LMS, MS, and beeswax).

Basement geometry: Pre-cut fault striking 40° E of N 
and dipping 40° SE. Rift topography cut into north end 
of basement block.

Notes: Basement block too stiff, had nowhere to move 
into so collapsing wedge tipped rigid plate into model 
after 4 stages of shortening. Brittle top fractured but is 
too stiff; breaks without actually ‘faulting’. No material or
lubrication under basement material.

Composition: 20 mm Y2 Klay on top of 2 mm DC, 16 mm simple layered sequence (DC, DMC, and DMC-60), 4 mm brittle 
upper layer with two different compositions (LMS, MS, and 12.5% beeswax; LMS, MS, and 25% beeswax).

Basement geometry: Pre-cut fault striking 40° E of N and dipping 40° SE. Rift topography cut into north end of basement 
block. Space left on east side of model and filled with MD to allow movement of basement block. After 3 stages of shortening
there was still no movement along the basement fault; basement block on west side was cut shorter and space filled with
MD to force more movement.

Notes: Basement block did not move significantly and there was very little of fset along the basement fault. Brittle top 
fractured but is too stif f; breaks into rifts without actually ‘faulting’.
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Model 22

Composition: 14 mm Y2 Klay on top of 2 mm magnetite-enriched CATP, 14 mm layered sequence (DC, DMC, and DMC-60
repeating 8 x), 3 mm brittle upper layer (LMS, MS, and beeswax).

Basement geometry: Pre-cut fault striking 35° E of N and dipping 40° SE. Rift topography cut into north end of basement 
block. SE end blocked with Y2 Klay, SW end blocked with DC to allow movement along basement fault. W side cut shorter
than chamber and filled with MD.

Notes: Brittle top fractured but is still too stif f; breaks into rifts without actually ‘faulting’. The microlaminate layer is too th in
and not scaled properly to prototype. Basement fault of fsets but upper layers do not fold or shorten, they just move with the
basement block.  

Model 25

Model 26

Composition: 17.5 mm Y2 Klay on top of 2.5 mm 
magnetite-enriched CATP, 5 mm CATP just filling in 
the space left from the paleo-rift topography , 8.5 mm 
microlaminate sequence (DC, DMC, and DMC-60), 
2 mm brittle upper layer (LMS and MS).

Basement geometry: Pre-cut fault striking 40° E of 
N and dipping 40° SE. Rift topography cut into north 
end of basement block with faults dipping 45° N 
simulating paleo-rift faults.

Notes: Basement block moved a little but there was 
still only minor offset along the basement fault. 
Brittle top without beeswax is much better . Basement 
block perhaps too thick?

Composition: 17.5 mm Y2 Klay on top of 2.5 mm magnetite-enriched CATP, 8.5 mm layered sequence (DC, DMC, and 
DMC-60, repeating 16 x). Model run through centrifuge once with no wedge to settle before adding 2 mm brittle upper layer 
(MS).

Basement geometry: Pre-cut fault striking 60° E of N and dipping 45° SE. Rift topography cut into north end of basement 
block with faults dipping 45° N simulating paleo-rift faults.

Notes: CATP perhaps too thick or too much topography at north end of basement. CA TP maybe needs to be all along the 
basement instead of just on the paleo-rift. Microlaminate layer may need to be thicker .
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Model 28

Composition: 10 mm Y2 Klay on top of 2.5 mm magnetite-enriched CATP, 3 mm CATP, 10 mm layered sequence 
(DC, DMC, and DMC-60, repeating 16 x). Model run through centrifuge once with no wedge to settle before adding 2 mm 
brittle upper layer (MS).

Basement geometry: Pre-cut fault striking 60° E of N and dipping 45° SE. Rift topography cut into north end of basement 
block with no associated faults. 20 mm cut of f SW end of basement block, space filled with MD to allow movement along 
basement fault.

Notes: After 8 runs of shortening there is still limited movement along basement fault; magnetite-enriched CA TP is replaced
with DC, 10 mm is cut off W edge of basement block and space filled with MD to create more space for the fault to move.
Shortening is observed and fractures develop en echelon above the basement fault.

Model 29

Composition: 10 mm Y2 Klay on top of 2.5 mm
magnetite-enriched CATP, 2 mm CATP only over rift
topography at N end, 10 mm layered sequence 
(DC, DMC, and DMC-60, repeating 24 x). Model run 
through centrifuge once with no wedge to settle before 
adding 2 mm brittle upper layer (MS).

Basement geometry: Pre-cut fault striking 60° E of N 
and dipping 40° SE. Rift topography cut into north end 
of basement block with no associated faults. 10 mm cut 
off S and W sides of basement block, space filled with MD 
to allow movement along basement fault.

Notes: After each stage of shortening, some MD was 
removed from the S and W margins to continually allow
the basement fault to offset. After 3 runs model has locked,
10 mm more cut off W side and filled with MD to force
more shortening.
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Model 30

Composition: 10 mm Y2 Klay on top of 2 mm DC, 3 mm CATP over rift topography and 1 mm over rest of model, 
10 mm layered sequence (DC, DMC, and DMC-60, repeating 12 x). Model run through centrifuge once with no 
wedge to settle before adding 2 mm brittle upper layer (MS).

Basement geometry: Pre-cut fault striking 70° E of N and dipping 50° SE. Rift topography cut into north end 
of basement block with no associated faults. 10 mm cut of f S and 5 mm cut off W side of basement block, space 
filled with MD to allow movement along basement fault.

Notes: After each stage of shortening, some MD was removed from the S and W margins to continually allow the 
basement fault to offset. After 2 runs the basement block is cut smaller at the NE and SW ends to attempt to force
strike-slip movement along thef fault. Upper layers still seem to move with the basement instead of shortening,
folding, and faulting significantly.
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Model 31

Composition: 10 mm Y2 Klay on top of 2 mm DC, 3 mm CATP over rift topography and 1 mm over rest of model, 
10 mm layered sequence (DC, DMC, and DMC-60, repeating 24 x). Model run through centrifuge once with no 
wedge to settle before adding 4 mm brittle upper layer (MS).

Basement geometry: Pre-cut fault striking 70° E of N and dipping 60° SE. Rift topography cut into north end 
of basement block with no associated faults. 10 mm cut of f S and 5 mm cut off W side of basement block, space 
filled with MD to allow movement along basement fault.

Notes: After each stage of shortening, some MD was removed from the S and W margins to continually allow the 
basement fault to offset. After 4 runs the basement block is cut smaller at the NE and SW ends to attempt to force
strike-slip movement along thef fault. Upper layers still seem to move with the basement instead of shortening,
folding, and faulting significantly. Perhaps simulates early stage collision when shortening was limited? Need to
find a way to block upper layers while basement moves for models simulating later stage evolution of the
prototype when shortening was being accomodated in the upper crust.
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Additional photographs of models 35 and 36 in cross-section after 4 and 5 stages of 
shortening, respectively. The labels indicate the distance from the eastern edge that the 
model has been sliced. The boxes on the labels are 1 mm square, and the dimensions of the 
labels are 10 mm by 20 mm. Folding style is discussed in the text of Chapter 3. 
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Model 32
Stage 1 Stage 2 Stage 3 Stage 4
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Model 34
Stage 1 Stage 2 Stage 3 Stage 4
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Model 35
Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
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Model 36
Stage 1 Stage 2 Stage 5


