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I 

Abstract 

 

This thesis discusses the effects of basal friction and basement configuration on the deformation 

of the fold-and-thrust belts in convergent zones. A series of analogue models were conducted with 

adjacent different basal configuration and frictional properties to observe and gain a better 

understanding of these basal effects and their interactions. The results from these side-by-side 

systematic models demonstrate that the kinematics and geometry of the deformation wedges are 

strongly influenced by the mechanical and geometrical basal effects. In these experiments, high 

accuracy laser scanner and digital camera were used to record the evolution of the surface 

topography of the deformed sand packs. Comparison between models with different basal friction 

shows that the basal friction plays a significant role on the propagation and topography of the 

deformation structures in aspects such as wedge height, taper angle, number of imbricates and 

deformation front. The models with a basal viscous material, which acts as low friction substrate, 

illustrates that the propagation of deformation above viscous material is faster and further than above 

the adjacent mechanically different frictional decollement. In the experiments with a moving plate 

under the part of the sand pack, the velocity discontinuity was introduced by either rigid, i.e. frontal 

edge of the metal plate, or deformable like distal end of the viscous materials. The results of these 

kinds of experiments, applicable to for example basement faults, salt decollements and tectonic 

underplating simulations, illustrate that the deformation localizes and develops continuously above 

the velocity discontinuities. Besides, the different rate and distance of the propagation of deformation 

fronts caused by different substrate distribution between the adjacent zones also lead to the formation 

of transpressive zones at the boundary of these adjacent domains with different basal 

friction/configurations.  
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1. Introduction 

Many fold-and-thrust belts formed in the convergent settings are important hydrocarbon 

accumulation traps in the world (McClay, 2004a and 2004b; Fossen, 2010), which greatly motivates 

many geologists to study the kinematics and geometries of the deformed structures in such 

fold-and-thrust belts. Analogue modeling is widely used to gain insight into the evolution of crustal 

deformation in fold-and-thrust belts (e.g. Mulugeta & Koyi, 1987; Koyi, 1995; McClay, 1996; 

Gutscher et al., 1996; Bahroudi & Koyi, 2003; Nilforoushan & Koyi, 2007; Wang & Davis, 1996; 

Marshak et al., 1992; Dahlen et al., 1984).  

 

The geometry, kinematics and dynamics of the fold-and-thrust belts in convergent zones can be 

related to many parameters (Graveleau et al., 2012), such as the lithology of deforming crust, 

décollement dip, basement faults, tectonic underplating, basal friction, oblique convergence and 

surface processes (e.g. Nilforoushan,et al., 2008; Schreurs et al. 2006; Storti, 2000 ). Some previous 

experimental studies focused on the effects of different basal friction on topography and strain in 

fold-and-thrust belts, and two end-member types of décollements in rheology (viscous and frictional) 

as parameters which can influence deformation styles in convergent settings (e.g. Dahlen et al., 1984; 

Davis & Engelder 1985; Cobbold et al. 1989; Cotton & Koyi, 2000; Costa & Vendeville 2002;Lujan 

et al. 2003; Bahroudi & Koyi, 2003; Bonini, 2007; Liu et al., 1992; Nilforoushan & Koyi, 2007; 

Mulugeta, 1988; Nilforoushan,et al., 2008, Buiter, 2012). In these studies, the influence from the 

aspects of propagation rate and extent of the deformation, surface and volumetric strain, and the 

configuration of the deformation wedge, such as taper angle, wedge height, the spacing of thrust 

planes have been discussed. In addition, the influence of basal velocity discontinuity originating 

from aspects like basement faults or distal end of the salt layers on the upper crustal deformation and 

topography in fold-and-thrust belts (Jon Mosar, 1999; Hessami et al., 2001; Wayne et al., 1994; 

Nilfouroushan, 2012; McQuarrie, 2004; Rosas et al. 2012; Schreurs et al. 2006) and S-point (velocity 

discontinuity) in the accretionary prisms (Fig. 1.1) (Malavieille, 1984; Byrne et al., 1993; Storti, 

2000) have also been highlighted. Velocity discontinuity has different definitions in different 

disciplines. For example, velocity discontinuity is widely used in seismology and it was always 

defined as the interface between two adjacent mediums in different characters with different 

velocities. However, in plate tectonics studies, when the crust of the moving plate is underlied by the 

discontinuous basement in the convergent zone, the velocity discontinuity usually forms at the 

discontinuity position, which may result from the different force receive and therefore different 

velocities between different sides of the discontinuity point/line. In addition, the S-point (Fig. 1.1) at 

convergent plate boundaries also acts as the velocity discontinuity on top of which forms the 

doubly-vergent accretionary wedge. In this investigation, we confine basement velocity discontinuity 

as the points at the basement resulting in discontinuous basement, which may be triggered by 

tectonic underplating, the tip line of the basal décollement (blind thrusts, Boyer & Elliot, 1982), 

preexisting basement faults (Richard et al. 1991) and S-point at the convergent boundary of two 

relatively moving plates (e.g. Fig. 1.1. Willett et al., 1993). All of the factors producing basement 

velocity discontinuity can exert on the geometry of the upper crust in the process of convergence or 

extension.  
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The underplating process involving both detaching and incorporating produces moving velocity 

discontinuity at the basement and causes the wedge instability above the velocity discontinuity 

(Fossen, 2010). The basement faults and tip lines of the basal weak décollement also exist 

universally in convergent zones in nature, such as in the Zagros mountain belts, Himalaya, Pyrenees, 

and Appalachian–Ouachita orogen (Thomas, 2010), and these pre-existing basement faults or tip 

lines of the basal décollement can introduce basement steps (Ge et al. 1997) or zero-edges (Davis & 

Engelder 1985) of ‘salt’ décollement which act as velocity discontinuity in convergent settings. In 

previous studies, people have noticed the importance of the role of velocity discontinuity (e.g. Schedl 

& Wiltschko, 1987; Van Wees et al., 1996), however, only a few of them apply analogue modeling 

on this study. In the study of Schreurs et al. (2006), the effects of velocity discontinuity were 

explored in the extensional settings run by five different modeling laboratories, and the modeled 

rigid moving velocity discontinuity was overlain by a viscous layer. Nilforoushan et al. (2012) also 

discussed the role of the distal end of the salt layer as the velocity discontinuity using the analogue 

and numerical models. In latest study by Rosas et al. (2012), an intersection zone between a 

strike-slip fault and a thrust fault was investigated and the influence from interaction of both 

strike-slip fault and velocity discontinuity was modeled in their study. Moreover, the transpressive 

zone between two zones with different basement geometry or basal friction has also been very 

important study subjects by many authors (Cotton & Koyi, 2000; Bahroudi & Koyi, 2003; Rosas et 

al. 2012; Zhou et al. 2006) because of the important role of the strike-slip faults formed within the 

transpressive zone. Analogue modeling has also been used to model the velocity discontinuity at two 

convergent plates boundary through the tip line of the moving backstop (Byrne et al., 1993) and the 

subduction slot below the moving basement sheet (Storti et al., 2000) in the models.  

 

The purpose of this study is to explore the influence of basal effects (basal friction and basement 

configuration) on deformation styles of fold-and-thrust belts using experimental methods, and to 

examine our experimental results with some natural examples. For the study of these factors, which 

influence the surface deformation style in fold-and-thrust belts, a series of 10 sandbox models with 

different initial arrangement were performed. To study the role of basement effect on the topography 

of orogenic wedge, our experiments were designed and conducted based on (1) different basal 

friction, (2) basement velocity discontinuity, (3) different basement rheology and (4) transpressive 

zone caused by changing of basal configuration. In the part of investigating the influence of basal 

friction, our analysis is mainly from the evolution of the sand wedge (including deformation front 

advancing and wedge height increasing process), and the description of the style of the deformation 

wedge (including imbricate spacing, taper angle and pop-up structure in front of the initial wedge). 

In addition, the effect of velocity discontinuity will be focused mostly to explore among all these 

three aspects in this study.  

 

Our models were all built under convergent force and therefore can be used to model fold-and-thrust 

belts formed in convergence settings. No specific natural example was modeled in these studies; 

however, combining our models and some of the natural examples can give us some lessons to better 

understand the evolution of fold-and-thrust belts and accretionary prisms in nature. 
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Figure.1.1. A) Ocean-Continent collision and B) Continent-Continent collision, in which jointing point of two convergent 

plates “S” is the velocity discontinuity of the upper crust in the convergent process (modified after Willett et al., 1993). 

2. Methodology 

2.1 Measurement of basal friction  

The geometry of the critical sand wedge and the kinematics of the internal structure are also 

controlled by mechanical properties of analogue materials used in the experiments which mainly 

includes internal fiction and cohesion of the granular materials (e.g. quartz sand in our experiments), 

and the basal friction between the material and the basement (Lohrmann et al., 2003). Hence, the 

measurement of the coefficient of basal friction (μb) between the sand and table surface and cohesion 

of the sand (C) was also one part of this study (Fig. 2.3). However, the density and the internal 

friction coefficient of the quartz sand we used in the experiments were referred to the previous 

measurements (e.g. Nilforoushan et al. 2008).  
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We used a cylinder to hold the sand and measured the coefficient of basal friction. In the process of 

measurement, the cylinder was filled with loose sand, and then covered with a cap and weights in 

different weight for each time. At the bottom, we attached a light thread connecting the cylinder and 

a cup into which we gradually dropped the sand, until the cylinder with the stuff above it start 

moving. We measured respectively the weight of cylinder part (including cylinder, sand inside the 

cylinder, cap and the weights on the cap) and the weight of bottom part (cup and sand in it), and this 

process was repeated for many times. The weights on the cap were changed from 0 to 600g for 

measurement.  

 

Figure. 2. 1. Photograph of setup for measuring the friction coefficient between sand and table surface. 

 

At last, we calculated shear and normal stresses and made a graph (Fig. 2.2) and fitted a line to our 

data points. The slope of this line represents basal friction coefficient (μb) (Fig. 2.3) which is 0.260. 
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Figure.2. 2. Shear stress (τ) as a function of normal stress (σ) measured for table surface used in our model setups. The 

relationship between shear stress (τ) and normal stress (σ) is expressed by the function: τ=μb *σ+C. Here μb represents 

basal friction coefficient; C stands for cohesion of the analogue materials. 

2.2 Model setup 

 

In our experiments, a series of 10 models were constructed using a fixed rectangular box on a 

horizontal aluminum table. These models are all in the same initial dimension of 50cm x 45cm, 

including two transparent glass side walls which helped us easily observe and describe the 

deformation process from lateral sides, a moving wall which was pushed forward by a motor to 

shorten the sand pack with a speed of 30mm/hr, and a fixed wall at the opposite side (Fig. 2.3).  

 

 

A 
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B 

Figure.2. 3. A) Schematic illustration and B) photograph showing initial setup of the sandbox used for models. 

 

Loose sand was sieved into the box to fill the total thickness of 3.4cm for all models. Loose sand was 

often used to simulate brittle deformation of sedimentary units in nature (e.g. Liu et al., 1992; 

Weijermars et al., 1993; Koyi & Petersen, 1993; Bonini, 2002) because of its low cohesion and 

obedience to Coulomb failure criterion. The sand used in our model experiment had a bulk density of 

1550kg/m
3
 and internal coefficient of friction was μ=0.57(angle of internal friction θ=30

°
) 

(Nilforoushan et al., 2008). The layers of loose sand were scraped to make them horizontal and 

colored sand was sieved between different layers as the markers to track the internal deformation. 

After constructing the sand layers, colored sand was sieved on the surface of the models with square 

grid to monitor the surface deformation, and some marker points were also pointed on the surface for 

comparing the digital images taken from digital camera and scanned pictures acquired from laser 

scanner. The models had an initial length of 50 cm, and they were all shortened by 12 cm (bulk 

shortening of 24%) except for model 6 and model 9. Model 6 was shortened up to 22 cm (bulk 

shortening of 44%) and model 9 up to 16 cm (bulk shortening of 32%). 

 

To study the effects of basal friction on top surface of the models, we also conducted experiments 

with different basal friction. In the models 5 and 6 (Fig. 2.4 E and F), a ca 1mm thick layer of loose 

sand was glued onto the surface of an aluminum sheet to act as high-friction decollement (basal 

coefficient of friction μb=0.7, θ≈35°) (Nilforoushan et al. 2008). The other models were constructed 

directly on the surface of the aluminum table which represents a rigid basement with a low-frictional 

base (μb≈0.26, θ≈15°) (see Part 2.1 for measurement details). 

 

We stopped the model after every 1 centimeter of shortening to record the style of superficial 
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structures during deformation process via scanning and photographing, and also described lateral 

evolution using digital camera from both sides of glass side-walls. In addition, a high-accuracy laser 

scanner was mounted 76 cm above the table surface to map the vertical and lateral-movement of the 

surface for each model in our experiment. At the end of shortening process of some representative 

models, we used loose sand to cover the deformed model and impregnated it by water to increase the 

cohesive strength of the sand, and then cut the sand bulk into a series of vertical cross-sections 

parallel to the shortening direction for photography and studying of its internal structures.  

 

Substrate materials varied among each model (Figs. 2.4. and table 2.1.) in this study for exploring the 

influence of velocity discontinuity, different basement rheology and basal friction of decollements on 

topography. Except for the Model 1 (Fig. 2.4 A) in which the sand is sprinkled directly onto the 

bottom surface of the model, all the other models have an extra substrate material and were divided 

into two sides along the boundary between parts with different substrate, parallel to the shortening 

direction. The materials as the substrate include a Newtonian fluid (PDMS, Weijermars, 1986), rigid 

metal plate with different size and rigid plastic wedge. PDMS is often used in analogue modeling, 

which acts as a viscous material simulating rocks in lower crust or flow of salt layer and/or 

evaporites in upper crust (e.g. Vendeville et al., 1987; Weijermars, 1986; Bonini, 2007; Nilforoushan 

and Koyi, 2007; Schrank, 2008). The PDMS used in our experiments was used in previous 

experiments and it was not pure, therefore it has a distinct density of 1200kg/m
3 

at room temperature 

and Newtonian viscosity of 8x10
5
 Pas at strain rates below 3x10

-3
 s measured before.  

 

Substrate in each model was located adjacent to the moving wall and one of the sidewalls. In one 

part, a metal plate (in different size and shape) or the combination of a wedge and a plate was used to 

form a velocity discontinuity at their distal end. The counterpart was covered by viscous material 

(PDMS) or sand directly to form a contrasting part for comparing the difference on deformation style 

and also form a transpressive zone where shear zone and strike-slip faults develop which were 

caused by different propagation rate of deformation fronts. Therefore, to study the influence of 

velocity discontinuity originated from tectonic underplating, basement faults or tip lines of the basal 

décollement, all the models except Model 1 were all designed with a metal plate moving with the 

pushing wall at the base of the models, of which the distal end acts as a rigid moving velocity 

discontinuity (MVD). Additionally, viscous materials were used in four models to model ductile 

décollement. In these models, the effect from ductile substrate was investigated mainly from 

kinematics and geometry of the deformation structures above the ductile layer and above its distal 

end which is another velocity discontinuity (Nilfouroushan et al. 2012) concerned in this study 

resulting from changing of basal rheology. Most models in our experiments were divided into two or 

three parts in the direction perpendicular to the shortening direction, and the transpressive zones 

caused by the lateral contrasting in detachment rheology or basement geometry will also be 

discussed in this study. In addition, these substrates were pushed by the rigid backstop (moving wall) 

which forms the moving velocity discontinuity at their frontal ends and the velocity discontinuity 

keeps moving at the same speed and direction as the backstop throughout the whole deformation 

process. Among all of the models, materials used as substrate in Model 2 is the same with that used 

in Model 5, and material used in Model 7 is the same with that used in Model 6, the only difference 

between Models 2 and 5, Models 7 and 6 is the basal friction. 
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A high-accuracy laser scanner was used to record topography of the model top surface after each 

shortening increments of one centimeter. The photographs of cross-sections cut after model 

deformation, parallel to the shortening direction, were used to observe internal structures of the 

models. In addition, some sequential height profiles sliced from scanned pictures at some specific 

positions are also used to trace the evolution of the internal structures.  

  

In Models 8, 3, and 4, the PDMS covered part of the metal plate, moving together with the metal 

plate, while the PDMS was stuck onto the table surface directly in model 9, but did not extend all the 

way to the fixed wall which form a 5cm space between the end edge of PDMS and the fixed wall. 

The rigid metal plates used in different models varied in shape and size and they were attached to the 

moving wall to make sure the plate moves along with the moving wall. 

 

A.  Model 1                                      B.  Model 2 

 

 

C.  Model 3                                       D.  Model 4 

 

E. Model 5                                        F.  Model 6 

 

G. Model 7                                        H.  Model 8 
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I. Model 9                                         J.  Model 10 

Figure.2.4. Schematic illustrations of Model setups, the detailed setup was described in the table 2.1 

 

Table 2. 1. Models setups in this study (Sketch of all model setups and model results were shown in Appendix) 

2.3 Scaling  

 

Our models are used to simulate convergent deformation of upper crust in nature and therefore the 

model parameters should be scaled for making the similarity relationship of geometry, kinematics 

 Basal 

friction 

Bulk shortening 

(cm) 

Material used at 

bottom 

Dimension of material  

MODEL 1 Low 12(24%) nothing  

MODEL 2 Low 12(24%) Plate  Plate   20*20cm 

MODEL 3 Low 12(24%) Plate & PDMS Plate    20*20cm 

PDMS   20*10cm (thickness: 1cm, cover 

half of the plate, from the pushing wall, 

density: 1.2g/cm3) 

MODEL 4 Low 12(24%) Plate & PDMS Plate   20*20cm 

PDMS  20*14cm (thickness: 1cm, cover 

part of the plate, from the pushing wall, 

density: 1.2g/cm3) 

MODEL 5 high 12(24%) Plate Plate   20*20cm 

MODEL 6 high 22(44%) plate Plate   30*10cm 

MODEL 7 Low 12(24%) plate Plate  30*10cm 

MODEL 8 Low 12(24%) Plate & PDMS Plate  30*10cm 

PDMS  15*10cm (thickness: 0.55cm, cover 

half of the plate, between 15cm to 30cm 

along the pushing wall, density: 1.2g/cm3) 

MODEL 9 Low 16(32%) Plate& PDMS Plate    20*20cm 

PDMS   25*45cm 

MODEL 10 Low  12(24%) Wedge & plate Wedge (bottom: 20*10cm, top: 20*6.5cm, 

thickness 2cm) 

Plate  30*10cm  
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and dynamics between models and nature (Hubbert, 1937; Horsfield, 1977; Ramberg, 1981). In this 

study, however, I did not model specific natural examples. Here, I assumed that 1cm of loose sand in 

experiment represents 1 km of brittle sedimentary rocks of the upper crust in nature which means the 

scaling ratio for length is 10
-5

 between model and natural prototype.The internal friction coefficient 

(μ) which is dimensionless has equal values in both nature and models and the scale ratio of the time 

is 6.25x10
-10

 (1 h in models represents 180 ky in nature) (Weijermars et al., 1993; Cotton and Koyi, 

2000). The shear strength for models should also be 10
-5 

times that for nature: 

         (1) 

 

where τ is cohesion and ρ is density, subscript n represent natural prototype, subscript m denotes 

model conditions. Representative densities ρm = 1500kgm
-3

, ρn = 2800kgm
-3

 are taken in this study, 

so a cohesion τm=10Pa in the models can represent about 2MPa in natural condition. 

 

As viscous material, PDMS is used for some models in this study; the viscosity should also be scaled 

up to that of salt layer in nature in accord with the scaling of the deformation time, length and 

strength (Davy and Cobbold, 1991). PDMS used in my experiments was recycled which was mixed 

with sand grains, I homogenized the PDMS before using it in these models in order to get more 

realistic results. The density of the used PDMS is 1200 kg/m
3
, and the viscosity of PDMS used in the 

experiment is 8x10
5 

Pa. The viscosity of rock salt in nature is usually 10
17

 to 10
19

Pa, which means 

the scale ratio of viscosity between model and natural conditions is about 10
-10

 to 10
-12

. 

2.4 Instruments and softwares 

I used a 3D laser scanner in our experiments called NextEngine and its software ScanStudio HD 

PRO with capability of data collection with high accuracy and high resolution (Guidi et al., 2007). 

The accuracy is 0.127 mm in macro mode with a maximum of 16 points per mm, and is 0.381mm in 

wide mode with a maximum of 5.9 points per mm. The scanner was mounted 76cm above our table 

surface. In this case, the dimension of our model which could be covered by the scanner view was 

45cm x 34cm parallel to the shortening direction. I used ScanStudio HD PRO software to collect the 

data scanned by the laser scanner, and the Surfer software for data visualization in 3D and extracting 

the profiles in 2D. 

 

3. Results 

All the models in this study were shortened at a constant velocity of 3cm/hr. The mechanism and 

style of the deformation processes in the analogue experiments were very different (Figs. 3.1-3.19) 

because of using different model setups and materials. Experimental results of Model 1-10 in the 

form of sequential height profiles and in 3-D view respectively were shown in Appendix. The 

resulted different surface topography of the models are related closely to the different basal friction 
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and basement configuration, which means basal mechanical properties play a significant role on the 

process of mountain building in nature. 

 

The results of model deformation are described both from 3-D top views of each model that was 

compressed by 12cm (A1 in Figs 3.1, 3.8-3.9, 3.12-3.15, 3.19), and the deformation process of three 

representative models (Fig. 3.6, 3.7, 3.20). Besides, some representative cross-sections cut in the 

middle of the models after the last stage of compression were photographed (Figs. 3.4, 3.11 

3.16-3.18). In addition, to avoid side effects, some representative 2-D profiles were also extracted 

vertically above different substrate parallel to the shortening direction from the middle part of 3-D 

scanned pictures in each model (B1 and B2 or B3 in Figs. 3.1, 3.8-3.9, 3.13-3.15, 3.19). These 

profiles show the evolution of the sand wedge clearly. In addition, Model 2 as a representative model 

with bare rigid moving metal plate, was used to study the details of the deformation happened above 

the basal MVD. Its deformation was also described through some compression stages with 

shortening increment of 1 cm or 2 cm in the lateral view in the form of 2-D line drawing of their 

photographs from one of the glass side walls (Fig. 3.10). Some models are also built with the same 

arrangement of substrates but with different basal friction (e.g. Model 2 (Fig. 3.6) and Model 5 (Fig. 

3.7), Model 7 (Fig. 3.8) and Model 6 (Fig. 3.9)). The results from these models are also compared 

between each other to study the effect of the basal friction. A volume of PDMS was also attached 

onto part of the metal plate, which acts as substrate in some models (Model 3, Model 4 and Model 8), 

the size and position of the PDMS on the metal plate differs between different models, and these 

parameters also lead to different results (Figs 3.13-3.15). In these models that PDMS was attached to 

the metal plate, the PDMS and the metal plate displace forward together. While in Model 9, PDMS 

with larger size was stuck to the table surface directly at one half of the model, and its forward 

displacement was also accompanied by obvious deformation of itself. Detachment rheology was 

analyzed from the results in models with PDMS.  

 

Model 1 (Fig. 3.1) is a basic model without any special substrate. All of the results got from above 

models can be compared with that generated from Model 1. 

     

A1                                                   A2 
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Figure 3. 1. A1) Laser scanned image of the top surface of the Model 1 with its color scale in mm, the sand pack was 

compressed by 12cm (24% of the initial length), A2) illustration of Model 1 setup from top view. B) Sequential 

topographical profiles along the centerline shown in A2 after each 1cm horizontal shortening shown by different colors.  

3.1 Evolution and style of the sand wedge in frictional domains 

The deformation on the frictional domains was featured mainly by forming foreland verging 

imbricated sand wedges. The deformation of the sand pack (μ=0.57, θ≈30°) above different basal 

friction including low basal friction (μb=0.266, θ≈15°) and high basal friction (μb=0.7, θ≈35°) was 

compared between Models 7, 6, 2 and 5 (Fig. 3.2, 3.3, 3.6-3.9). From these models, some differences 

above frictional domains between different basal frictions can be concluded as below. In addition, 

these four models possess a common feature that they were all divided into two parts; the part 

without any substrate will be influenced by the counterpart with basal velocity discontinuity. 

Therefore, I start our analysis of basal friction from Model 1 and the influence from the counterpart 

can also be compared and analyzed using Model 1 (Fig. 3.1). 

 3.1.1 Evolution of the sand wedge 

The evolutions of the sand wedges in low and high basal friction models are different (progressive 

deformations are shown from B1, B2 in Fig. 3.6-3.9). In the domains with low basal friction, the 

angle of basal friction was lower than the angle of internal friction of the sand. From the evolution of 

the first wedge (Fig. 3.1 B), it can be noticed that the wedge starts from a symmetrical box fold 

bounded by two reversely kinked bands adjacent to the backstop and then turns to a foreland verging 

wedge of which grows asymmetrically at the frontal part of the wedge. In the process of shortening, 

many fore thrusts emerge in the foreland shear zone and a foreland verging piggy-back imbricated 

sand wedge forms and rotates backward progressively. 

 

In the domain of high basal friction, the angle of basal friction is slightly higher than the internal 

friction angle of the sand wedge, which creates great difference on the deformation process of the 

sand wedge comparing to that in low basal friction models. It was noticed that the starting point of 

deformation in high basal friction models was much closer to the backstop than that in the models 

with low basal friction, and that the deformation starts with forming a foreland verging fold but not a 

box fold. In the process that the sand pack was compressed by 24% (B2 in Fig. 3.7, Fig. 3.9), only 

one deformation structure forms and the back thrusts develop was limited by the back stop.  

3.1.1.1 Advancing of deformation front 

Deformation front was used to compare the difference between different models with different basal 
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friction. In this investigation, the deformation front is defined as the frontal line of the deformed part 

of the model. For this measurement, the boundary between deformaed and undeformed ones was 

used to represent the deformation front (Nilforoushan et al., 2008; Nilfouroushan et al., 2012). The 

deformation front in low basal friction models spreads much faster and further, and almost to the 

distal end of the scanning area (Figs. 3.6 and 3.8) when the sand pack was compressed by only 20% 

in Model 7 and 22% in Model 2. Except for the initial imbricated wedge, a second or even more 

deformation structures always appear afterwards in front of the initial wedge. In Models 7 and 2, the 

emergence of subsequent wedges is demonstrated from two points of sudden turn on the upper curve 

in Figs. 3.2 (line with triangles). The emergence of second and third deformation structures is 

respectively just after the sand pack was compressed by 16% and 20% in Model 7, 10% and 22% in 

Model 2. However, even the sand pack was compressed by 24% in Model 5 with high basal friction, 

there is no other deformation structures generated beyond the first one and the distance that the 

deformation front progressed is only about 300mm (60% of the whole sand packs are deformed) 

away from the backstop. Even in Model 6 which was already compressed by 44% at the last stage, 

the deformation front only progresses less than 400mm at 42% bulk shortening and it continued to 

the end at the last stage (80% of the whole sand pack are deformed at 44% shortening) (Fig. 3.2). 

The slow advancing of the deformation front is almost in linear relationship with bulk shortening in 

the model with high basal friction, which verifies the advancing velocity and deformation rate are 

constant and approves again there is only one sand wedge growing up in this process. 

 

 

 

 

 

 

 

Figure 3. 2. The advancing of deformation front with continuing compression compared respectively between Model 2 

and Model 5, Model 7 and Model 6.  

3.1.1.2 Wedge height 

Here, the highest point of the sand wedge was used and refered as the wedge height for comparison 
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(Koyi, 1995; Koyi &Vendeville, 2003; Nilforoushan et al., 2008). The relationship between wedge 

height and the bulk shortening is nearly linear before the wedge reached their critical angle (Fig. 3.3). 

The initial wedge almost reaches the critical status when the sand pack was compressed by 12% in 

Model 7 and 18% in Model 2 (Fig. 3.3). Before the critical angle was reached, the wedge height 

grows slowly and keeps linear relationship with bulk shortening in low basal friction models. After 

coming to the critical angle, the growing of initial sand wedge height turns very slow and even stops. 

Around this point, another deformation structure in front of the initial one emerges with forming a 

box fold. If the compression is continued, the height of the second wedge will keep growing until it 

reaches almost the same height as the initial one. On the other hand, the wedge height in high basal 

friction models improves almost in constant rate and is much faster than that in low friction models 

throughout the evolution (lines with solid circles in Fig. 3.3). At the stage which the sand pack was 

compressed by 24% in both models with high basal friction, the height of wedge reaches almost 

38mm in Model 5 and about 45mm in Model 6. In Model 6, after 24% compression, the height 

continued growing and reached almost 63mm until the bulk shortening is 44% at last. 

 

 

 

 

 

   

   

Figure 3. 3 The raising process of the wedge height with continuing compression compared respectively between Model 

2 and Model 5, Model 7 and Model 6.  

3.1.2 The style of the sand wedge 

The style of the sand wedge deformation is significantly influenced by basal friction, and the 

differences of style can be described mainly from the following aspects: height of the sand wedge (as 

discussed above), the taper angle of the wedge slope (Fig. 3.6, B3 and Fig. 3.7-3.9, B2), imbricate 

spacing and the pop-up structure (Fig 3.4 A) following the initial wedge.  
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A 

 

B 

 

  

C 

 

Figure 3. 4. A) Photographs of cross-sections cut from Model 2 (low basal friction, after 24% bulk shortening), B) Model 

5 (high basal friction, after 24% bulk shortening) and C) Model 6 (high basal friction, after 44% bulk shortening).  

3.1.2.1 Taper angle and thickening of the hanging-wall over the ramp 

The difference on style of the sand wedge deformation can be described from the parameter of taper 

angle as well (Koyi & Maillot, 2007). Comparing slope of the sand wedge in different basal friction 

models (between Fig. 3.6 & 3.7, 3.8&3.9), the correlation between the taper angle and basal friction 

can be found. From Models 7 and 2 which are built with low basal friction without basal velocity 

discontinuity, the taper angles of the initial main wedge are respectively 5° and 9°. While the taper 
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angles in high basal friction is higher than that in the low basal friction models. In Models 6 and 5, 

the taper angle is 25°and 18° respectively.  

 

3.1.2.2 Thickening of the hanging-wall over the ramp and rotation of the wedge 

The whole deformation process in this study was accompanied by both gradual thickening of the 

hanging-wall over the ramp and the rotation of the main wedge (Fig. 3.5) (Koyi & Maillot, 2007). 

Here, the thickeness of the hanging-wall over the ramp was refered as the distance betweem the main 

thrust plane and the  hanging-wall surface (e.g. Fig. 3.5 C).  

 

The thickening did not stop within the whole process of deformation in both models with low and 

high basal friction (Fig. 3.5). In model 2 which is constructed with low basal friction, the thickening 

of the hanging-wall changed from 0.36 to 0.72 (Fig. 3.5A). On the other hand, the hanging of the 

thickening for model 5 is from 0.37 to 0.75 (Fig. 3.5B). Therefore, it can be observed that the 

thickening is higher and faster when the basal friction is higher.  

 

Besides, the comparison on the dip angle of the main back thrust (ramp of the foot wall, e.g. shown 

as θ, Fig. 3.5 C) between Models 2 and 5 (Fig. 3.5) can also give us the clue to the rotation of the 

main wedge in the deformation process. It can be found that the back thrust rotated throughout the 

deformation in both models with low and high basal friction. However, the rotation happened in the 

model with low basal friction is more obvious with the dip angle changing from 28˚ to 13˚, than that 

happened in the model with high basal friction where the dip angle changing from 25˚ to 23˚.  

 

Therefore, when the basal friction is higher, the main wedge grows without obvious rotation and the 

dip angle of the ramp almost keeps unchanged, the thickening of the hanging wall is higher and 

faster.  

  

 

 
A 
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B 
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Figure 3. 5. The relationship respectively between bulk shortening (%) and angle (
˚
) of the main back thrust (red dot), and 

between bulk shortening (%) and the layer thickening (%) in the models with A) low basal friction (Model 2) and B) high 

basal friction (Model 5). C) An example (from Model 5, 10cm compressed) showing the thickness of the hanging-wall 

over the ramp and dip angle of the main back thrust.  

3.1.2.3 Imbricate spacing 

In the compressive zone, the average spacing between adjacent thrust planes always depends on the 

thickness of the crust and the basal friction (Morellato, 2003; Platt, 1990; Schott, 2001). Our 

experiment results also show that the spacing between adjacent imbricates and the number of the 

imbricates in the sand wedge vary with different basal friction. In low basal friction models, there are 

less imbricates and the spacing between them are wider. However, in high basal friction models, the 

imbricates are more closely spaced than that in the low basal friction models.  

 

3.1.2.4 Pop-up structure  

Pop-up structure is an uplifted block formed structurally between two reverse faults with opposing 

shearing directions (Glen, 2004). In the experiments with low basal friction, it can be noticed there is 

always a pop-up structure forming in front of the wedge (Fig. 3.4 A). This subsequent pop-up 
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structure started to form when the first wedge reached to its critical angle. The critical angle is lower 

in low basal friction models and it is easier to reach its critical wedge height. Therefore the pop-up 

structure can be observed in the earlier stage in low basal friction models than in high basal friction 

models (compared between B2 in Fig. 3.8 and Fig. 3.9). The pop-up structure was initiated with the 

formation of a box fold (Fig. 3.1 B) some distance beyond (Fig. 3.4 A), not close to the initial wedge, 

then grew up and verged forwards. 
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B1 

 

B2  

 

B3 

  

C1                                        C2 

Figure 3. 6. A) Laser scanned images of the top surface evolution of Model 2 and its last stage with its color scale in mm, 

the sand pack was compressed by 12cm at last (24% of the initial length), B1), B2) and B3) sequential topographical 

profiles along three section lines shown in C2 respectively (100, 325 and 360mm away from the initial point (x, y=0)) 

after 1cm horizontal shortening shown by different colors. C1) and C2) are illustrations of Model 2 setup. 
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C1                                                              C2 

Figure 3. 7. A) Laser scanned images of the top surface evolution of the Model 5 and its last stage in another point of 

view with its color scale in mm, the sand pack was compressed by 12cm at last (24% of the initial length), B1) and B2)  

sequential topographical profiles along two section lines shown in C2 respectively (100mm and 325 mm away from the 

initial point (x, y=0)) after 1cm horizontal shortening shown by different colors. C1) and C2) illustration of Model 5 

setup from top view. 
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A1                                              A2 

 

 

 

B1 

 

B2 

Figure 3. 8. A1) Laser scanned image of the top surface of the Model 7 with its color scale in mm, the sand pack was 

compressed by 12cm (24% of the initial length), A2) illustration of Model 7 setup from top view. B1) and B2)  

sequential topographical profiles along two section lines shown in A2 respectively (150mm and 350 mm away from the 

initial point (x, y=0)) after 1cm horizontal shortening shown by different colors. 
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A1                                                   A2 

 

.  

 

B1 

 

B2 

Figure 3. 9. A1) Laser scanned image of the top surface of the Model 6 with its color scale in mm, the sand pack was 

compressed by 12cm (24% of the initial length), A2) illustration of Model 6 setup from top view. B1) and B2)  

sequential topographical profiles along two section lines shown in A2 respectively (150mm and 350 mm away from the 

initial point (x, y=0)) after 1cm horizontal shortening shown by different colors. 

3.2 Domains above rigid MVD 

Deformation of the sand pack above the moving velocity discontinuity was characterized by forming 

a big foreland doubly-vergent wedge, which is composed of closely-spaced imbricate thrusts 

initiating and increasing from the MVD and a back thrust (Fig. 3.7, 3.10).  

3.2.1 Kinematics 

The deformation was initiated with forming a box fold, which was bounded by two symmetrical 

reverse kink bands on the top of the MVD parallel to the shortening direction (Fig. 3.10 A1). With 
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continued shortening, deformation wedge starting from these two kinks (formed at the first stage in 

Fig. 3.10 A1-A7) gradually formed and grew up. This deformation process was accompanied by the 

increment of pro-vergent thrusts in quantity and the fast uplift of the whole wedge. In this process, 

the new fore thrusts form successively all starting from the point of the MVD and there is only one 

back thrust growing up progressively, which results in forward rotation of the kink bands and slump 

of the sand at the top of the wedge along the retro-slope progressively (after 2cm contraction, seen 

from Fig. 3.10 A2). Since 8cm contraction (Fig. 3.10 A5), the first main wedge has almost reached 

its critical state and the uplift of deformation wedge turned slowly compared with the rapid uplift at 

first several centimeters contraction, the quantity of the material slumped down from the wedge top 

keeps almost unchanged since then. After reaching the critical state, the wedge gradually stopped 

growing, instead, this wedge became to another backstop relative to the sand pack in the frontal 

direction. In the frontal area, it formed a new weak zone where the deformation more easily 

happened. Therefore, it can be observed that seventh forethrust started forming in front of the MVD, 

instead of forming above the MVD (Fig. 3.10 A5). From 10cm to 12cm contraction, it can be seen 

that the growth of the wedge height almost ceased by forming a pop-up structure in front far away 

from the velocity discontinuity (seen also from the colors showing height at the lower half of each 

figure in Fig. 3.10 A). From the whole deformation process in the models with basement velocity 

discontinuity, it can be observed that a weak zone developed above the MVD and the deformation 

was easier to happen at the weak zone above the MVD.  
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Figure 3. 10. A1)-A7) 2-D evolution of the sand wedge above the moving velocity discontinuity shown from above 

sequential line drawings from one of the glass side walls in Model 2, B) model setup and the position is shown as red 

dashed line. 

3.2.2 Deformation style – doubly vergent wedge 

There are also some distinct characteristics of the sand wedge formed above the MVD compared to 

what formed on the other side without underlying MVD (the counterpart in each model without? 

metal plate). Firstly, in the zones with MVD, the deformation structure and the newly formed thrusts 

(e.g. Model 2) all started from and grew up around MVD (Fig. 3.10). In comparison, the formation 

of sand wedge above the basement without velocity discontinuity takes place closely next to the back 

stop where it received the tectonic push. Secondly, there are much more closely spaced kinks with 

almost the same spacing in the foreland shear zones and they do not grow up too much before new 

kinks forms (compared through upper and lower parts in each picture of Fig. 3.6). Third, at 

beginning, the deformation structure usually forms and propagates faster and further in the zone with 

basement step than the counterpart zone without basement step. The faster and further propagation of 

the deformation front above the basement step also exerts the lateral influence to the counterpart 

zone and promotes the formation of new transpressive zone between different zones. 

 

The style of the doubly vergent wedge formed above the MVD, and the influencing extent to the 

counterpart are also different, which are resulted from different placement of the MVD. Comparing 

the part with basal metal plate between Model 7 and Model 2, Model 5 and Model 6, and also among 

Model 2, Model 7, Model 10 (Fig. 3.12), we can find that there are more kinks emerge when the 

velocity discontinuity is placed further away from the backstop. Moreover, the style and range of 

transition zone were also influenced by the distribution style of the velocity discontinuity at the 

basement, which can be represented by the size and shape of the metal plate in our models. 

 

Some relative effects of the basement step on tapers are not obvious. However, in total, both the 

extent of propagation of deformation front and closed arrangement of kinks can somewhat perform a 

role on the taper angle. Besides, in the models with low basal friction, the topography of the sand 

wedge above the basement step is higher than that without basement steps, and the highest point of 

the structure is located almost vertically above the point of velocity discontinuity or very closed to it 

at the frontal side. However, in the models with high basal friction the height of the sand wedge is a 

little higher at the side without any basement step than the counterpart with basement step because of 

much lower extent propagation of the deformation front caused by high basal friction especially in 
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the part without basement step. However, the dominant parameter that influences the topography and 

taper angle is basal friction as shown between Model 2 (Fig. 3.6) and Model 5 (Fig. 3.7), Model 7 

(Fig. 3.8) and Model 6 (Fig. 3.9).  

A 

 

B 

 
C 

 

D 
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Figure 3. 11. A)-D) Deformation styles of the sand wedge in the last stage of compression shown from cutting sections of 

models (Model 2, 5, 8, 6) which were built above mobile rigid metal plates. For Model 2 and Model 5, the same size of 

metal plates was used, and both models were run by the same extent but on different basal friction. While between Model 

8 and Model 6, both basal friction and compression extent are different (Model 6 was compressed by 44% (22cm), Model 

8 was compressed by 24% (12cm)). E) Position of the section lines. 

          

A 1                                                   A2 

                       

 

B1 

 

B2 

Figure 3. 12. A1) Laser scanned image of the top surface of the Model 10 with its color scale in mm, the sand pack was 

compressed by 12cm (24% of the initial length), A2) illustration of Model 10 setup from top view. B1) and B2)  

sequential topographical profiles along two section lines shown in A2 respectively (150mm and 350 mm away from the 

initial point) after 1cm horizontal shortening shown by different colors. 
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3.3 Domains above viscous decollement  

 

The description of the deformation style which was influenced by viscous substrate can be divided 

into two parts in this study, one of which is that the ductile material (PDMS) is stuck on part of the 

metal plate, moving along together with the plate (Model 3, Model 4 and Model 8), the other type is 

that the PDMS was spread on the table as an independent substrate itself in half of the model (Model 

9). However, in both situations, the distal end of the viscous materials can also act as velocity 

discontinuity in our experiments, which will be discussed in latter part.   

 

3.3.1 Ductile material above moving basal metal plate 

 

In fact, the deformation of the sand pack above viscous materials, which is moving along with the 

rigid metal plate, is influenced and limited by velocity discontinuity (Fig. 3.16). In the process of 

sand wedge deformation, the number of foreland thrusts increase progressively by shortening of the 

model and the only back thrust forms backwards, accompanied by the backward rotation of the 

whole wedge (Fig. 3.13, 3.14). This formation of the sand wedge results in the narrowing of the 

space between the wedge and the backstop, and thus restricts the forward propagation of the ductile 

material which then influences deformation of the sand above it. When the movement of the ductile 

material adjacent to the backstop was limited as the wedge rotates backward, the ductile material 

received compression from both front and back side. Therefore, at the same time as the ductile 

material propagates forward with the rigid metal plate, the middle part or the end of the ductile 

material starts arching upward and forward forming a new foreland verging shear zone. Afterwards, 

the shear zone starting from the middle or the end of the ductile material pinch out into the sand pack 

above it and forms another foreland verging structure there. (Fig. 3.16) 

 

Sticking the ductile material onto the surface of the rigid metal plate in turn influences more or less 

the deformation style of the sand wedge in front. Due to the emergence of another wedge above 

ductile material, the backward rotation of the initial wedge in front of it was also limited, which 

creates some difference on topography of the initial wedge compared with models with only bare 

metal plate. Models (Model 3 and Model 4) with ductile material (with thickness of 10mm) stuck 

onto the plate and model with only a metal plate in the same size (Model 2) are compared and 

discussed for this study. Comparison of these models demonstrates that the taper turns more gentle 

when ductile material was attached onto part of the metal plate. The taper angle in Model 2 is 15°, 

while the taper angle in Model 3 and Model 4 are 13° and 8° respectively. The difference of the 

result between Model 3 and Model 4 is due to different sizes of the ductile material used. Besides, 

there is also correlation between the wedge height and ductile material, which shows that the wedge 

height is lower in the model with ductile material used (wedge height 33mm, 29mm and 27mm were 

measured for Model 2, 3 and 4) (Fig. 3.4, Fig. 3.14-3.15 B1). However, the difference on taper angle 

and wedge height also leads to the difference on number of kink bands in the imbricate zone. There 
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are separately 6, 7 and 8 kink bands in the imbricate zone of Model 2, Model 3 and Model 4, which 

illustrates that the ductile material also promotes the increment of the kink bands number.  

 

The effects can be different if the thickness or sizes of the ductile material are varied. This effect is 

because the ductile material used in Model 3 covers less surface of the plate (50%) than that in 

Model 4 (70%). The wedge formed above the ductile material initiated with a box fold in Model 3, 

while it started with foreland verging shear zone in Model 4, which is because of different size of 

ductile material and the space between the initiating point of deformation and the backstop.  

   

A1                                                 A2 

 

 
B1 

 

B2 

Figure 3. 13. A1) Laser scanned image of the top surface of the Model 3 with its color scale in mm, the sand pack was 

compressed by 12cm (24% of the initial length), A2) illustration of Model 3 setup from top view. B1) and B2)  

Sequential topographical profiles along two section lines shown in A2 respectively (100mm and 325 mm away from the 

initial point) after 1cm horizontal shortening shown by different colors. 
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Figure 3. 14. A1) Laser scanned image of the top surface of the Model 4 with its color scale in mm, the sand pack was 

compressed by 12cm (24% of the initial length), A2) illustration of Model 4 setup from top view. B1) and B2)  

Sequential topographical profiles along two section lines shown in A2 respectively (100mm and 325 mm away from the 

initial point) after 1cm horizontal shortening shown by different colors. 
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Figure 3. 15. A1) Laser scanned image of the top surface of the Model 8 with its color scale in mm, the sand pack was 

compressed by 12cm (24% of the initial length), A2) illustration of Model 8 setup from top view. B1), B2) and B3)  

Sequential topographical profiles along three section lines shown in A2 respectively (75mm, 225 mm and 375 mm away 

from the initial point) after 1cm horizontal shortening shown by different colors.  

 

Apart for above observations, we can also see the effect of the end of the viscous decollement as 

another kind of velocity discontinuity. In Models 2, 9, and 5, which were set up with only a bare 

metal plate, the sand pack above the plate at the backstop side of the rigid velocity discontinuity was 

undeformed throughout the experiment process. Even in the Model 10 in which both a rigid wedge 

and a plate were placed next to each other, there is also only one velocity discontinuity at the distal 

end of the rigid wedge because of the continuity of basement rheology at the boundary between 

metal plate and rigid wedge. However, when a certain volume of viscous material (PDMS) was 

placed above part of the metal plate, another deformation structure happened (structure 2, shown in 

Fig 3.16 A and B) following the first structure (structure 1, shown in Fig. 3.16, A and B). It is 

obvious that the formation of structure 2 corresponds to the underlying viscous materials or its distal 

end as another velocity discontinuity. Comparing between Models 3 and 4 with only different size of 

viscous material, some differences can be found. In model 3, the two velocity discontinuities are not 

too closed which left some space for the growth of structure 2. While in Model 4, because of the 

larger percentage of viscous material covering and the fast expansion of structure 1, the growing 

space for structure 2 is therefore much smaller than that in Model 3 and the deformation happens not 

above the viscous velocity discontinuity, but from the middle of the material. Another comparison 

can be conducted between two sections cut from different positions in Model 8 (section A and B in 
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Fig. 3.17). Section A was run above bare metal plate side, while at section B side, the two velocity 

discontinuities caused by both metal plate and the viscous material overlap at the same point. By 

comparing these two sections, the resultant effect from both velocity discontinuities worked on the 

upper layers when they overlap each other, and resulted in more complicated upper deformation 

structure in section B than that shown in section A.   

 

 

 

C 

Figure 3. 16. Photographs of sections cut parallel to the shortening direction from A) Models 3 and B) 4 separately which 

were compressed by 24% from 50cm to 38cm, through the substrate with basement step which was also covered by 

PDMS. Structure 1 is the deformation structure formed first at the rigid velocity discontinuity, and structure 2 is the 

following deformation structure formed above the viscous velocity discontinuity, C) position of the section lines. 
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Figure 3. 17. Both photographs of sections cut parallel to the shortening direction from Model 8 which was compressed 

by 24% from 50cm to 38cm, through the substrate with A) only moving rigid velocity discontinuity and with B) both 

ductile material and moving metal plate sticking together, C) position of the section lines. 

3.3.2 Viscous material fixed on the basement 

PDMS as a viscous material in this experiment (Model 9) placed directly on the table surface (rigid 

basement, setup shown as Fig. 2.4 I). In this experiment, the shear strength of the viscous layer is 

much lower than that of the sand layer, and the horizontal strain was propagated far towards the end 

of the detachment along the viscous layer, but not to the end of the model. The whole deformation 

process was recorded by overhead scanner (Fig. 3.20), was also depicted through different sliced 

sections of the scanning pictures (Fig. 3.19 B2) and by photographs of vertical sections cut at the end 

of deformation (Fig. 3.18). 
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Figure 3. 18. Photograph of section cut parallel to the shortening direction from Model 9 which was compressed by 32% 

(16cm) from 50cm to 34cm, through the substrate of PDMS. 

 

At the beginning of deformation, a box fold which was bounded by two reverse kink bands forms 

near the backstop, and shears along two reversely kinked shear zone. This box fold propagates 

quickly forwards and thrusts to form a fault-propagation fold. After that, the viscous material was 

squeezed and dragged to sand layer along the thrust plane caused by continued compression or by 

local dilation within the structure. Next, another deformation structure was generated because of the 

influence of the deformation above the VD (velocity discontinuity) on the other part in this model, 

which starts from the rigid moving velocity discontinuity, passed through the transition zone to this 

part (Fig 3.20). It can be verified by the deflection of the grid lines located near the glass side wall 

which were originally parallel to the shortening direction and deflected after deforming, and also by 

the lines near the boundary between two different zones which were deflected to the zone with 

velocity discontinuity where the deformation front propagates faster (Fig. 3.20). This structure was 

also a fault-propagation fold and initiated with a box fold, later it generated many asymmetric 

foreland thrust faults and a back thrust tilting constantly toward the hinterland. Following the 

formation of these two structures, another deformation structure started not next to the second one, 

but near the end of the decollement in the foreland which is another velocity discontinuity in this 

model caused by changing of the basal rheology. The formation of shear zone at the end of 

decollement is accompanied by shearing of the basal viscous material which forms a pinch-out into 

the sand pack above. At last, another two young thrusts formed between the older structures, starting 

next to the structure located at the end of the decollement and propagated to the backstop direction.  

 

Comparing the shear zones formed above detached rigid (metal plate) MVD and the attached 

deformable (PDMS) VD, it can be found that the detached rigid MVD always produce effect to the 

upper layer faster and stronger than the attached deformable VD (Fig. 3.20). With moving of the 

rigid metal plate, more than one thrust faults formed and accumulated above the MVD, therefore a 

regular imbricated shear zone usually formed above the rigid MVD, but not above the detached 

deformable velocity discontinuity (Fig. 3.16, 3.18). On the other hand, the PDMS in Model 9 is 

attached to the base without moving along, therefore there is only one thrust fault forming in the 

foreland direction at its distal end.  
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Figure 3. 19. A1) Laser scanned image of the top surface of the Model 9 with its color scale in mm, the sand pack was 

compressed by 16cm (32% of the initial length), A2) illustration of Model 9 setup from top view. B1) and B2)  

Sequential topographical profiles along two section lines shown in A2 respectively (100mm and 330 mm away from the 

initial point) after 1cm horizontal shortening shown by different colors. 
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Figure 3. 20. A) 3-D process of deformation at increment of 1 cm from 1 cm compressed to 16 cm compressed above the 

PDMS (upper part in each figure) and basement step (lower part in each figure) in Model 9 and B) model setup.  

4. Discussion 

All experiments are  conducted with careful and precise setup and monitored with a high accuracy 

laser scanner to study the effects of basal configuration and rheology on deformation of modeled 

fold-and-thrust belts systematically. All the experiment results clearly show the importance of the 

basal effects on the kinematics and geometry of the fold-and-thrust belts. In the natural condition, the 

geometry of the basement is very complicated with usually more than these factors we investigated 

here. For example, in the Zagros fold-and-thrust belts (SW Iran), ductile lower crust and widely 

distributed basement faults coexist and jointly influence the deformation of the upper crust in the 

convergent process. However, in this study, we discuss each of the basement factors solely, without 

considering their complicated mixed effect caused by the existence of more than one of them in an 

area.  

 

In this study, some of the studied factors have been verified by previous workers. However, In 

addition to a systemtic study of basal effects, the prominent contributions of this thesis are to study 

the influence of basement velocity discontinuity to the evolution of fold-and-thrust belts by 

introducing moving velocity discontinuities at the basement, to trace the evolution of the topography 

using high-resolution laser scanner, and to study its evolution from internal models by slicing 

profiles from 3D data.  

 

4.1 Velocity discontinuity . 

Basement faults, tectonic underplating, distal end of the viscous decollement exist universally and 

influence significantly the configuration of the earth surface in the convergent zone, with a common 

role of velocity discontinuity. However only a few authors have studied this factor using sandbox 

modeling (Schreurs et al., 2006; Rosas et al., 2012; Nilfouroushan, 2012; McClay et al., 2004). Some 

of the models presented above reveal the features of the deformation above the base with velocity 

discontinuity (Models 2-10). Our experiment results illustrate that the rigid MVD makes the 

deformation much easier to happen in the upper layer, which is also the initiating and accumulation 

zone of the thrust faults in the whole stage of the deformation. The formed thrust faults comprise one 

back thrust growing up throughout the whole process and more than one fore thrusts forming in the 

front of the basal MVD. The deformation happened above velocity discontinuity promotes the 

formation of the fault-propagation folds and results in the thickening of the crust locally. When the 

basal friction was higher, the back thrust and the main wedge which initiated and grew above the 

moving velocity discontinuity experienced less rotation, and the thickening of the hanging wall over 

the main back thrust was higher and faster. In nature, the resulted local thickening of crust and 

formation of the fault-propagation folds are usually one of the good prerequisites for forming the trap 

of hydrocarbons. Ahmadhadi et al. (2007) described the fracture pattern of the upper sedimentary 

layer because of the effect of the dip-slip faults in the basement; Wayne also discussed the 
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basement-involved structures in his paper in 1994. He referred a fault-fault-fold triple junction model, 

in which the triple junction in the basement rocks is the important causing of the deformation in the 

overlying horizontally cover sequence. In the paper of Nilfouroushan et al. (2012), they showed a 

very similar result about velocity discontinuity caused by the break of basal rheology at the terminal 

boundary between ductile material and the sand. Previously, many authors have studied the basement 

geometry of Zagros belt (Jackson,1980; Jackson & Fitch, 1981; Ni & Barazangi, 1986; Berberian, 

1995; Talbot and Alavi, 1996; Bahroudi, 2003; McQuarrie, 2004; Ahmadhadi et al., 2007) because of 

its location which is in one of the most important convergent plate margins and also because of its 

significant contribution to the petroleum industry in the world. However, there are many limitations 

in the assumptions of the basement faults in Zagros which are caused by the interference from the 

Hormuz salt in the basement (Bahroudi, 2003).  

 

Moreover, the style and evolution of our experiment doubly-vergent accretionary wedge formed on 

the top of the rigid MVD agree well with that formed around the S-point of accretionary prisms at 

the basal boundary of two convergent plates (shown as jointing point “S” in Fig. 1.1 A and B), which 

is caused by the subduction of one plate under the other plate and the resulted asymmetric 

detachment (Willett et al., 1993) and has been modeled using sandbox modeling by some authors 

(e.g., Malavieille, 1984; Byrne, et al., 1993; Storti et al., 2000). Besides, in the paper of Willett et al. 

(1993), he describe the three main stages of the formation of the doubly-vergent accretionary wedge 

above this basal velocity discontinuity formed at the plates convergent boundary, which agrees with 

our experiment phenomena produced above the rigid velocity discontinuity.  

 

In addition to the velocity discontinuity modeled by the end of the moving metal plate in the 

experiments, the boundary between viscous material and the sand is another important component of 

the discussion of velocity discontinuity in this study which has also been modeled similarly and 

discussed by previous authors (Nilfouroushan et al. 2012; Bahroudi & Koyi, 2003; Costa & 

Vendeville, 2002; Nilforoushan & Koyi, 2007). From comparison between models (Models 2,7,10) 

with bare metal plate or rigid wedge and those with viscous material sticking to part of the metal 

plate (Models 3,4,8), it is the viscous material above the metal plate makes difference to the 

deformation style above the metal plate through another velocity discontinuity exists at the end of the 

viscous material, above which a foreland verging shear structure forms and the upper layer was 

thickened locally. And at the same time, the developing space of both deformation wedges formed 

above the metal plate were influenced and limited by each other. In nature, both basement faults and 

ductile decollement exist randomly and widely, which together with our experiment results suggests 

that their complicated distribution influences the complexity of the style and kinematics of the upper 

layer. By observing Model 9, similar results about the influence of velocity discontinuity can be 

concluded as that discussed by Nilfouroushan (2012). The deformation is relatively easy to form at 

the velocity discontinuity and this viscous velocity discontinuity also shears into the upper layer to 

form more complicated structures. 

   

4.2 Transpressive zone 

The propagation of the deformation front is controlled by the basement geometry and basal friction 
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as described above. Most of the models in this study were constructed consisting of two contrasting 

substrates which therefore results in the contrast in deformation style between domains with different 

substrates. Apart from the result of different deformation style at different parts of the model, the 

different propagation rate and extent of deformation caused by the lateral variation of substrate also 

exert on the transition zones and promote the formation of the transpressive zones. One of the 

obvious examples among our models is Model 9 (Fig. 3.20), from which we can verify the existence 

of transpressive zone with sinistral strike-slip faults, through the rotated grid markers at the boundary 

position between two different substrates at the last several stages of the experiment. Therefore, from 

our models, different configuration of the basement material is one of the important factors of 

forming strike-slip faults in the convergent zones. Usually, the strike-slip faults formed in the 

foreland basins are also one of the very important elements because of its important controlling role 

to accumulation and transmission of hydrocarbon (Jiang et al., 2011). For example, in the paper of 

Bahroudi& Koyi (2003), their analogue modeling showed that the development of strike-slip faults 

in the Zagros fold-and-thrust belts not only depends on the basement reactivated faults, but is also 

related to the differential propagation of the deformation front above salt. Zhou et al. (2006) have 

also used analogue modeling to study the influence of basement geometry on Qaidam Basin in China 

which is a typical foreland basin with many strike-slip faults distributed there. In their experiments, 

they found that the formation of some strike-slip faults and therefore reverse S-shaped 

fold-and-thrust belts are related to the differential deformation front propagation.  

5. Conclusion 

The mechanical properties of the basement in the convergent zone play significant roles to the 

geometry and kinematics of the fold-and-thrust belts. In this study, the influence of basal friction and 

basement configuration were studied. The style and evolution of the deformation structures were 

recorded at each deformation stage using high-accuracy laser scanner and camera. In addition, 

photographs of cross-sections parallel to the shortening direction at the last stage of deformation after 

wetting the sand pack also assist in interpretations of some models. After all the experiments and 

analysis above, some conclusions can be drawn from this study:  

 

In this study, a high-accuracy laser scanner was used to record style and evolution of the deformation 

structures, and extract the profiles from scanning data showing the internal deformation process. 

However, this method was not widely used in previous studies. 

 

There are many expressions for the basement velocity discontinuity in the convergent zone in nature, 

such as basement faults, basement tectonic underplating, and the end boundary of the salt layer and 

the jointing point of two converging plates. The existence of all these factors also contributes to 

deformation evolution and styles in the convergent zone. In the moving process of the velocity 

discontinuity, a weak zone usually forms above the moving velocity discontinuity, and therefore it 

forms easily the deformation structure in the weak zone above the velocity discontinuity. The 

deformation starts and develops above the MVD, and the deformation wedge turns toward the 

backstop relative to the sand pack in front after reaching its critical state. There are much more 

closely spaced kinks with almost the same spacing in the foreland and they do not grow up too much 
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before new kinks forms above the MVD than that formed without MVD (compared through upper 

and lower parts in each picture of Fig. 3.6-3.7 and Fig. 3.8-3.9 A). At the beginning stage, the 

deformation structure usually forms and propagates faster and further in the zone with basement step 

than the counterpart zone without basement step (Fig. 3.6-3.7). The faster and further propagation of 

the deformation front above the basement step also exerts the lateral influence to the counterpart 

zone and promotes the formation of new transpressive zone between different zones.  

 

However, there also exists some differences between the effect produced by basement rigid MVD 

and by the deformable VD to the upper layer. Regular doubly vergent wedge forms above the rigid 

MVD, while the forward sheared fault-propagation fold forms above the deformable VD.  

 

We run all the models with side-by-side basal material arrangement which was verified a good way 

to study the interation between different basal styles. Compared between each models, it was found 

that the interation caused by side-by-side basal material arrangement also works on the different 

surface deformation styles. Besides, the lateral different basement configuration results in the lateral 

different convergent style of the upper crust, forming the transpressive zone between adjacent zones 

with different basal configuration. In the convergent zone in nature, some strike-slip faults are also 

related to the lateral different deformation.  

 

Our models also show how different surface deformation observed in nature can give us hints about 

different basal friction and basal configurations (Koyi et al., 2007). This is a good way to suggest us 

about the structures deeper below the earth surface.  
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Appendix 

Experimental results of Model 1-10 (Column 1:Sketch of model setups, Column 2: Sequential height 

profiles at specific positions shown as red dashed line in Column 1, Column 3: 3-D view of the 

deformed models in last stage)
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