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Abstract 

 The ENE-trending Himalayan fold-thrust belt in Pakistan exhibits contrasting 

deformation styles both along and across the strike. The centrifuge modelling technique has been 

used to investigate these variations in structural style. For the purpose of modelling, the Salt 

Range and Potwar Plateau (SR/PP) stratigraphy has been grouped into four mechanical units. 

From bottom to top these are the Salt Range Formation, carapace unit (Cambrian-Eocene 

platform sequences), Rawalpindi Group, and Siwalik Group. These stratigraphic units of 

alternating competence, composed of thin layers of plasticine modelling clay and silicone putty, 

rest on a rigid base plate that represents the crystalline basement of the Indian plate. The models 

are built at a linear scale ratio of ~10-6 (1mm=1km) and deformed in a centrifuge at 4000g. The 

models are subjected to horizontal shortening by collapse and lateral spreading of a “hinterland 

wedge” which simulates overriding by the Himalayan orogen (above the Main Boundary Thrust). 

 The models of the central SR/PP show that the accretionary wedge develops a prominent 

culmination structure with fault-bend fold geometry over the frontal ramp, while the eastern 

SR/PP is more internally deformed by detachment folds, fault-propagation folds and pop-up and 

pop-down structures. Model results show that the transition from fault-bend fold to detachment-

fold and fault-propagation-fold geometry in the prototype may take place in a transfer zone 

marked by an S-bend structure (Chambal Ridge and Jogi Tilla) at the surface and the lateral ramp 

in the subsurface. Moreover, the models suggest that an oblique ramp below the Kalabagh strike-

slip connecting the two frontal ramps below the Surghar Range and the central Salt Range 

developed similar structure that can be observed in the prototype. 

 The model results also show that the Northern Potwar Deformed Zone may have been 

developed over ductile substrata due to the close similarity between the models and the prototype 

structures. 
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 The deformation style in the models illustrates the importance of mechanical stratigraphic 

and basement ramp systems in the evolution and the structural styles of the SR/PP. 
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Chapter 1 

INTRODUCTION 

 This thesis seeks to investigate the structural evolution of the Salt Range and Potwar 

Plateau (SR/PP), northern Pakistan, by analog scale modelling using the centrifuge technique. 

The foreland sequence of the SR/PP is constructed of layers of plasticine and silicone putty, of 

controlled thickness ratios, and shortened horizontally to replicate the initiation and progressive 

growth of folds and thrust faults in the study area. The main aim of this research is to resolve the 

controversy of variation in the structural styles in the SR/PP through mechanical stratigraphy and 

basement structures (ramp systems). This study will also expand the understanding of the 

structural style in the SR/PP by documenting the progressive evolution of geological structures 

that develop in centrifuge models and comparing these with the prototype (SR/PP). 

1.1. OVERVIEW OF THE AREA 

 The Himalayan fold-thrust belt developed due to the collision between the Indo-Pakistani 

and Eurasian plates (Fig. 1.1). The southern margin of this belt within Pakistan is the SR/PP, 

which is bounded to the west and east by the Indus and the Jhelum Rivers, respectively (Fig. 1.2). 

Moreover, the Main Boundary Thrust (MBT) marks the northern margin of SR/PP while the Salt 

Range Thrust Fault demarcates its southern boundary (Davis and Lillie, 1994; McDougall and 

Hussain, 1991) (Fig. 1.2). 

 The SR/PP can be divided into three distinct structural zones from north to south (Jaswal 

et al., 1997; Jadoon et al., 1997). The Northern Potwar Deformed Zone (NPDZ) is the region of 

poorly exposed, tightly folded Miocene sediments lying between the Kalachitta and the Hazara 

Hill Ranges to the north, and the Khair-i-Murat Thrust Fault to the south (Leathers, 1987). The 

NPDZ, lying in the footwall of the MBT (Fig. 1.3), is characterized by an imbricate duplex 

structure with some of the faults exposed on the surface while others remained buried in the sub- 
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Figure 1.1. Tectonic sketch map showing the Himalayan collision zone and motion of India 
relative to Asia (in cm/year, Jacob and Quittmeyer 1979). AF Alltyn Tagh Fault, BD 
Bangladesh, CF Chaman Fault, HF Herat Fault, KF Karakoram Fault, MBT Main 
Boundary Thrust, MCT Main Central Thrust, MKT Main Karakoram Thrust, MMT 
Main Mantle Thrust, MR Murray Ridge, OFZ Owen fracture zone, SL Sri Lanka, 
SR/PP Salt Range/Potwar Plateau, SRT Salt Range Thrust, TS Tsangpo suture. 
Modified after Jaswal (1990) as cited in Davis and Lillie (1994). The dashed 
rectangle shows area of Figure 1.2 
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Figure 1.2. Location map of the Salt Range and Potwar Plateau in context to Himalaya of 
northern Pakistan and northwestern India showing selected major faults and ranges. 
A-C Attock-Cherat Range; K-C Kalachitta Range; SR Surghar Range; MR Marwat 
Range MBT Main Boundary Thrust; SRT is the Salt Range Thrust. Location of the 
faults is from Gansser (1981); Yeats and Lawrence (1984); Baker et al. (1988); 
Lawrence et al. (1989); and Baig (1990). The heavy dashed line rectangle outlines 
the region of Figure 1.3. The green colour represents mountains/hill ranges while the 
brown colour represents basins with recent sediments.  
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surface (Jaswal et al., 1997; Jadoon et al., 1997). Furthermore, the deformation style of the NPDZ 

also varies along the strike from an emergent thrust front in the west to a buried thrust front in the 

east (Jaswal et al., 1997). The central SR/PP is comparatively less deformed, occupied by the 

broad, asymmetric Soan syncline with surface exposures of Siwalik sediments (Jaswal et al., 

1997; Jadoon et al., 1997). The southern SR/PP, located to the south of the Soan syncline, is 

characterized by salt-cored pop-ups and the emergent Salt Range Thrust Fault (Jaswal et al., 

1997; Jadoon et al., 1997), and the Neoproterozoic and younger platform sequences (Cambrian-

Eocene) are thrusted on the Salt Range Thrust over the Punjab Recent sediments (Davis and 

Lillie, 1994; Bender and Raza, 1995; Kazmi and Abbasi, 2008). 

 The western Salt Range is separated from the eastern Salt Range by a transpresssional 

zone known as the Kalabagh Dextral Zone (McDougall and Hussain, 1991) (Figs. 1.1 and 1.3), 

which marks a structural relationship between the Surghar Range and western SR/PP (Butler et 

al., 1987) and is considered to have offset the previously linear thrust front at the Surghar Range 

and the SR/PP (trending WSW-ENE) for a distance of 90km (Butler et al., 1987; McDougall and 

Khan, 1990; McDougall and Hussain, 1991). The orientation of the Kalabagh Fault indicates that 

it may be possibly underlain by a lateral ramp (Butler et al., 1987). 

 Jaswal et al. (1997) suggested that the variation in the structural style from north to the 

south in the SR/PP may be related to absence and presence of the Neoproterozoic salt horizon, 

respectively. In addition, the surface geology and subsurface data reflect that the SR/PP is 

underlain by a gently northward-dipping basement, and its overall structure style is a “passive 

roof duplex” (Jaswal et al., 1997). The lower detachment of the passive roof duplex lies within 

the Neoproterozoic evaporates, and the upper detachment within the Rawalpindi Group sediments 

(Jaswal et al., 1997; Jadoon et al., 1997). Along with the ductile horizon of evaporite, the SR/PP 

was translated towards the south as a more or less coherent rock mass (Lillie et al., 1987; Baker et 

al., 1988; Jaswal et al., 1997). 
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Figure 1.3. Generalized tectonic setup of the Potwar Plateau, Salt Range and adjacent areas 
(modified after Kazmi and Rana, 1982; Khan et al., 1986). For location of the area, 
see Figure 1.2. 

 

1.2 PREVIOUS WORK 

 Due to the potential for hydrocarbon reserves, the SR/PP has long been the focus of 

attention for structural geologists and is one of the earliest provinces in south Asia to have been 

explored; for example, the Khaur anticline in North Pakistan was drilled in 1914 and proved to be 

the first oil discovery in south Asia (Khan et al., 1986). 

 Earlier studies on the SR/PP were carried out by Wynne (1878), Pinfold (1918), Cotter 

(1933), and Gee (1945, 1947) (as cited in Shah, 1977; Bender and Raza, 1995; Kazmi and 

Abbasi, 2008). Cotter (1933) gave a comprehensive account of the stratigraphy and produced a 
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cross-section to illustrate the difference in structural style of the SR/PP with those of the adjacent 

areas (Fig. 1.4). These pioneers provided a foundation for more recent geological investigations 

and structural interpretations of the SR/PP. The area is characterized by thin-skinned deformation 

with a lower detachment within the Cambrian Salt Range Formation (Lillie et al., 1987; Butler et 

al., 1987; Burbank and Beck, 1989). The presence of a basement step (Fig. 1.5) and ductile 

substrata of the Salt Range Formation in the area are significant features of more recent 

interpretations of regional tectonics (Baker et al., 1988; Lillie et al., 1987; Blisniuk et al., 1998). 

A similar basement step has also been suggested to underlie the Surghar Range (Butler et al., 

1987; McDougall and Khan, 1990; McDougall and Hussain, 1991). 

 Figures 1.4 and 1.5 illustrate that there is no major contrast in overall shortening from the 

Kalachitta Range to the Salt Range. However, the sections are drawn with quite different styles, 

reflecting progressive development in the conceptual understanding of accommodation of 

shortening by folding (1933) to faulting (1987) over the last half century. 

 Seismic data across the SR/PP are interpreted to reveal that folds are cored by both 

foreland- and hinterland-verging blind thrusts; salt flowed away from beneath the synclines into 

the core of the adjacent anticlines, and fault-propagation folds, triangular zones and pop-up 

structures are common structural styles in the area (Pennock et al., 1989; Jaswal et al., 1997; 

Jadoon et al., 1997). 

 Recently, the evolution of the SR/PP has been investigated using scaled sand-box 

modelling (Cotton and Koyi, 2000). Their model results demonstrated that the difference in 

structure in the western and eastern SR/PP may be attributed to the nature of frictional and ductile 

substrates. Also two different episodes of deformation are reported in the evolution of the SR/PP 

(Grelaud et al., 2002): an early normal fault was reactivated into a major frontal thrust associated 

with a gentle fold-thrust deformation distributed across a wide zone in the SR/PP. 
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Figure 1.4. Cross-section from the Kalachitta Range to the Salt Range, showing the variation in structural style (modified after Cotter, 1933). For 
the approximate location of section line, see Figure 1.3. 

 

 

1. Cambrian 2. Carboniferous 3. Permian and Triassic  4. Mesozoic 

5. Ferruginous pisolite marking the Cretaceous Tertiary contact  6. Paleocene – Eocene 

 

 

 

Figure 1.5. Structural cross section across the SR/PP (after Lillie et al., 1987 as cited in Jadoon et al., 1997). For location of section line, see 
Figure 1.3. The box highlights the normal fault in the basement. 
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1.3 OUTSTANDING PROBLEMS 

 All of the above extensive research has led to a good understanding of the structural 

evolution of the SR/PP; however, little attention has been paid to the significant contrast in the 

structural style along the strike. The goal of this study is to improve our understanding of 

structural geometry as well as the kinematic and tectonic evolution of the SR/PP. Based on the 

previous work outlined above, it is apparent that issues such as the following should be 

addressed. 

1. There is apparently a major contrast in the structural style and the pattern of thrust 

propagation along the western and eastern SR/PP. The thrust sheet in the central SR/PP is 

not as severely deformed compared to the east, which shows deformation by folding and 

faulting. The emergent Salt Range Thrust Fault transforms into a blind thrust in the 

eastern SR/PP. This drastic change in the deformation style in the two adjacent areas has 

been suggested to be caused by the presence of a north-dipping frontal ramp in the west 

connected to the east by an east dipping lateral ramp in the east. Centrifuge modelling is 

used to investigate the role of these parameters in the variation of structural style across 

the SR/PP, and to demonstrate how displacement is transferred from one structure into 

another in the SR/PP.  

2. The Kalabagh Fault, which connects the Surghar Range and the SR/PP, is of unknown 

origin. Modelling is employed to test whether it may be underlain by a lateral ramp and 

to investigate the influence of this basement ramp on the structural style in the western 

SR/PP. 

3. A major contrast in the structural style in the Northern Potwar Deformed Zone (NPDZ) 

and the southern SR/PP exits; an attempt is made to resolve this problem by seeing if it is 

caused by contrast in the shear strength of the basal detachment (the absence or presence 

of the salt horizon) 
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1.4 OBJECTIVES 

 The objectives of this thesis research were: 

1. To use physical analog (centrifuge) modelling to test hypotheses regarding the structural 

and kinematic evolution of the SR/PP, and, in particular, the influence of the mechanical 

stratigraphy on the deformation style; 

 
2. To define the geometry and kinematics of fold and thrusts structures and to determine 

their interrelationship, and compare these observations with the SR/PP;  

 
3. To replicate the role of basement ramp systems in the SR/PP. To examine the progressive 

evolution of the central SR/PP in the presence of frontal ramp. How the lateral ramp 

influences the structural style along the strike in SR/PP. To observe a mechanism of 

accommodation similar shortening in the eastern and central SR/PP in the presence of 

frontal and lateral ramp system. Furthermore, to model the western SR/PP with 

underlying lateral ramp and illustrate its effect on the structural style.  

4. To investigate the evolution of NPDZ over a frictional or ductile substrata in the presence 

of frontal and lateral ramp systems; 

5. To understand the style of deformation in SR/PP along and across the strike.  

 

1.5. LAYOUT OF THE THESIS 

 The modelling conducted in this thesis is based on published maps and cross-sections 

integrated with published seismic data. Chapter 2 describes the stratigraphic units beneath the 

SR/PP, which range in age from Precambrian to Pliocene. Chapter 3 presents the regional tectonic 

setting, including the tectonic subdivision of the Himalayas, the tectonic features of the Pakistan 

Himalayas, the synthesis of regional tectonic evolution, and western Himalayan fold-thrust belt of 

Pakistan. Chapter 4 presents the centrifuge modelling technique, reviews previous centrifuge 
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modelling studies and describes the development of a model mechanical stratigraphy of the 

SR/PP. In chapter 5, the results of the model study are described, including the role of the 

geometry of the frontal and lateral ramp system in the structural style of the SR/PP, the role of an 

oblique ramp in the structural style of the western SR/PP (Kalabagh area) and the deformation of 

NPDZ over ductile and frictional substrata. Chapter 6 discusses the deformation styles seen in the 

centrifuge models and draws conclusions about the structural style of the SR/PP. 
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Chapter 2 

STRATIGRAPHY OF THE SALT RANGE AND POTWAR PLATEAU  

 

2.1 INTRODUCTION 

 Pakistan has a variety of rock types, ranging in age from the Precambrian to the Recent, 

well exposed in different parts of the country (Bender and Raza, 1995). The earliest published 

works date back to 1853 (Flemming), 1856 (T. Oldham), 1878 (Wynne), and 1893 (R. Oldham) 

(as cited in Shah 1977; Bender and Raza, 1995; Kazmi and Abbasi, 2008); since then, significant 

work has been done to understand the stratigraphic sequences and their correlations across 

different parts of the country (e.g., Shah 1977; Bender and Raza, 1995; Kazmi and Abbasi, 2008). 

 The Geological Survey of India carried out systematic geologic studies in what is now 

Pakistan and published the first organized work in 1887 (as cited in Shah, 1977). Later on, 

Pinfold (1918), Gee (1928-34), Eames (1951-52), Pascoe (1950-1964) and Wadia (1919, 1957) 

provided detailed accounts of the stratigraphic framework in different parts of the subcontinent 

(as cited in Shah, 1977; Kazmi and Abbasi, 2008). The Geological Survey of Pakistan established 

the “Stratigraphic Committee of Pakistan” in 1960, which organized and re-arranged the 

stratigraphy of Pakistan. The stratigraphic code of Pakistan was formulated and a National 

Committee in 1977 gave a comprehensive stratigraphy in an orderly manner and divided Pakistan 

into the following geological Zones (Shah, 1977; Kazmi and Abbasi, 2008) (Fig. 2.1): 

1. Northern Mountain Area 

2. Indian Shield 

3. Axial Belt 

4. Indus Basin (Southern, Central and Northern) 

5. Baluchistan Basin 
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Figure 2.1. Generalized map, showing sedimentary basins and geological zones of Pakistan. CF 
Chaman Fault, OF Ornach Fault, JH Jacobabad High, SH Sargodha High, TPH Thar 
Parkar High, NPU Nagar Parkar Uplift (Modified after Kadri, 1995). JH, SH, TPH, 
and NPU are areas where the Indian Shield is exposed. 
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 More recently an effort has been made to summarize the available stratigraphic 

information and resolve the ambiguity between lithostratigraphic and biostratigraphic names, and 

to describe in detail the stratigraphic sequences in various tectonostratigraphic zones (Kazmi and 

Abbasi, 2008).  

 

2.2 STRATIGRAPHY OF SALT RANGE AND POTWAR PLATEAU  

 The Salt Range and Potwar Plateau (SR/PP) lie in the Northern Indus Basin (see Fig. 

1.3), where a sedimentary sequence ranging in age from Neoproterozoic to Recent is exposed 

(Kazmi and Abbasi, 2008). The stratigraphy of the area is well documented on the basis of 

surface exposures in the Northern Potwar Deformed Zone (NPDZ) and Salt Range (Cotter, 1933; 

Shah, 1977; Gee, 1980, 1989 as cited in Bender and Raza, 1995; Kazmi and Abbasi, 2008), and 

from well data obtained in the SR/PP (Khan et al., 1986; Pennock et al., 1989; Jaswal et al., 

1997). Generally, the strata in the SR/PP can be subdivided into four major units bounded by 

unconformities (Jaswal et al., 1997; Blisniuk et al., 1998; Grelaud et al., 2002; Aamir and 

Siddiqui, 2006). The units are (1) Precambrian (Proterozoic) basement rocks, (2) Neoproterozoic 

evaporite sequence, (3) Platform strata (Cambrian-Eocene), and (4) the molasse sediments 

(Miocene-Recent); and the unconformities are (1) Late Precambrian-Early Neoproterozoic, (2) 

Ordovician-Carboniferous, (3) Late Permain-Mesozoic and (4) Oligocene in age. These 

relationships are shown in Table 2.1. 

 

2.2.1. Basement Rocks 

 Precambrian rocks are exposed in different parts of the Indus Platform, e.g., in the Nagar 

Parkar area of Sindh, and the Sargodha-Shahpur region of Punjab (Bender and Raza, 1995; 

Kazmi and Abbasi, 2008). The outcrops of these rocks are scattered in small hillocks (Fig.2.1), in 

the alluvial plain of the Indus Basin (Bender and Raza, 1995; Kazmi and Abbasi, 2008). They  
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AGE GROUP FORMATION DESCRIPTION THICKNESS (m) 
Mechanical 

Stratigraphic Division 
Soan Conglomerate and interbeds of sandstone, siltstone, and claystone 1800 

Dhok Pathan Sandstone and claystone containing lenses of conglomerate in the upper part 500-1000 
Nagri Sandstone with subordinate siltstone & clay 500-1000 

PLIOCENE Siwalik 

Chinji Claystone and sandstone 880-1165 

Siwalik Group 
(2500m) 

Kamlial 
Sandstone and claystone. The sandstone is grey, thick bedded; jointed; and 
calcareous 

1200-1600 N
E

O
G

E
N

E 

MIOCENE Rawalpindi 
Murree Alternative sandstone, siltstone and claystone 2000-2900 

Rawalpindi Group 
(2000m) 

OLIGOCENE  
Chor Gali Limestone with subordinate shale and marl 30-120 
Sakesar Nodular limestone with thin streak of shale 33-500 EOCENE Charrat 
Nammal Marly shale and interbedded limestone 50-70 
Patala Shale and marl with subordinate thin bedded limestone and sandstone 40-70 

Lockhart Nodular limestone with shale partings 5-70 

C
E

N
O

Z
O

IC
 

T
E

R
T

IA
R

Y
 

P
A

LE
O

G
E

N
E

 

PALEOCENE  
Hangu Light grey sandstone and dark grey shale 13 

 

MESOZOIC  

Chhidru Thinly bedded limestone overlain by massive sandstone 67 
Wargal Sandy limestone with thin streaks of dolomite and greyish shale 100 LATE Zaluch 
Amb Interbedded sequence sandstone, limestone and shale 83 

Sardhai Predominantly shale with minor sandstone and claystone 116 
Warchha Mainly sandstone with interbeds of shale and claystone 110 
Dandot Interbedded of claystone, silt and shale 33 P

E
R

M
IA

N
 

EARLY Nilawahan 

Tobra Massive clay, silt, and sandstone with pebbles and conglomerate at the base 183 

 

CARBONIFEROUS-ORDOVICIAN  
Baghanwala Shales and interbedded sandstones 116 

Jutana Thick-bedded to massive dolomite with shale in the middle part 82 
Kussak Shale and dolomite with interbeds of glauconitic sandstone 48 

P
A

L
E

O
Z

O
IC

 

CAMBRIAN Jhelum 

Khewra Thick-bedded sandstone with sparse clay bands 64 

C
a

ra
pa

ce
 (

50
0m

) 

 

 NEOPROTEROZOIC 
 

Salt Range Upper part is reddish claystone, dolomite and shale, lower part is evaporite 0-2000 1000m 
 

PRECAMBRIAN Phyllites, quartzite, metavolcanics intruded by dolorites and gabbros (Basement Indian Shield) Not drilled 
 

Table 2.1. Stratigraphic column of the Salt Range-Potwar Plateau modified after Pennock et al. (1989); Jaswal et al. (1997) (Dhurnal 3 well); 
Grelaud et al. (2002); Aamir and Siddiqui (2006). The last column to the right shows division of the stratigraphy of the Salt Range and 
Potwar Plateau along with thickness in meters considered for modelling during this study. 
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mainly comprise metasediments (phyllites, quartzites and metavolcanic rocks) intruded by 

dolorites and gabbros (Bender and Raza, 1995; Kazmi and Abbasi, 2008).  

 

2.2.2. Neoproterozoic 

 The Neoproterozoic Salt Range Formation is the oldest sedimentary unit that directly 

overlies the Precambrian metamorphic basement in the SR/PP (Pennock et al,. 1989). This 

Formation is exposed along the peripheries of the Kalabagh in the western SR/PP (McDougall 

and Hussain, 1991) as well as in the central Salt Range towards the south (Kazmi and Abbasi, 

2008) (Fig. 2.2). Similarly, the Formation is also spotted in the wells drilled in the southern 

Punjab and along the eastern flank of the Sulaiman fold-thrust belt (Davis and Lillie, 1994; Kadri, 

1995) (Fig. 1.1). The presence of the salt is controversial to the north of the MBT (Yeats and 

Lillie, 1991). In contrast, according to Kadri (1995), the evaporite basin may have extended 

further to the north in the Hazara area (Fig. 1.2), as suggested by the deposition of 

Neoproterozoic gypsiferous beds. The major part of the Salt Range Formation consists of red, 

gypsiferous claystone (“salt marls”) without any apparent bedding (Shah, 1977; Bender and Raza, 

1995; Kadri, 1995, Kazmi and Abbasi, 2008). The lower part of the Formation comprises beds of 

marl and gypsum with bituminous shales and dolomites, but the base of the Formation is not 

exposed (Kazmi and Abbasi, 2008). The middle part of the Formation contains an alternation of 

gypsum, dolomite, shale, siltstone with oil-shale layers. The top of the Formation is marked by a 

gypsum layer containing high-grade oil-shale or a layer of highly altered volcanic rock known as 

Khewra Trap (Shah, 1977; Bender and Raza, 1995; Kadri, 1995, Kazmi and Abbasi, 2008).  

Sahwal Marl Member (oldest member) 

a. Dull red marl beds with some salt seams and 10-meters thick gypsum bed on top (> 

40m). 

b. Bright red marl beds with irregular gypsum, dolomite beds and Khewra trap (3-100m) 
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Bhander kas gypsum member 

This member comprises massive gypsum, dolomite and marl (> 80m). 

Billianwala Salt Member 

The Billianwala salt member is largely composed of hematite-rich, dull red, gypsiferous marly 

beds with thick seams of salt (> 650m). 

 It has been suggested that the evaporite beds of the Salt Range Formation may be 

deposited unconformably on the basement in a restricted, shallow hypersaline marine 

environment (Shah, 1977; Jaswal et al., 1997; Bender and Raza, 1995; Jaswal et al., 1997; 

Wandrey et al., 2004). Its upper contact with the Khewra Sandstone of the Jhelum Group is 

conformable (Bender and Raza 1995; Wandrey et al., 2004). In the type locality, the Formation is 

more than 800m in thickness; however, in the Kohat-Potwar region the thickness locally exceeds 

2000m in some wells (Bender and Raza, 1995; Kazmi and Abbasi, 2008). Due to the absence of 

fossils, the age of the Salt Range Formation is controversial; however, based on its stratigraphic 

position below fossiliferous Lower Cambrian sediments and above metamorphic Precambrian 

basement, a Late Proterozoic age can be assigned (Kazmi and Abbasi, 2008).  

 

2.2.3 Cambrian 

 The evaporite deposits are overlain by Cambrian rocks of the Jhelum Group exposed 

along the southern boundary of the SR/PP (Shah, 1977; Pennock et al., 1989; Bender and Raza, 

1995; Kadri, 1995). According to Shah (1977), the Cambrian strata can be divided into four 

formations in the SR/PP: the Khewra Sandstone, Kussak Formation, Jutana Formation, and 

Baghanwala Formation. They are mainly composed of limestone, sandstone, and evaporites. 

Limestone was deposited in shallow marine, sandstone in non-marine and evaporites in lagoonal 

environments on the passive continental margin of the Indian plate in Cambrian time (Kadri, 

1995; Jaswal et al., 1997).  
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 The Khewra Sandstone consists of mostly reddish-brown to purple, fine-grained, thick-

bedded to massive sandstone with minor brown shale intercalations in the lower part (Shah, 1977; 

Bender and Raza, 1995; Kadri, 1995; Kazmi and Abbasi, 2008). The formation has excellent 

potential of hydrocarbon reserves in the SR/PP (Khan et al., 1986), and may have been deposited 

in an arid continental, near-shore to aeolian conditions as supported by the presence of cross-

bedding, ripple marks, mud cracks and rain-drop prints (Bender and Raza, 1995; Kadri, 1995; 

Kazmi and Abbasi, 2008).  

 Overlying the Khewra Formation is the Kussak Formation, which is largely composed of 

sandstone, shale, greenish-grey siltstone interbedded with light grey dolomite and some dolomite 

(Shah, 1977; Bender and Raza, 1995; Wandrey et al., 2004). It is also a major oil-producing 

formation in the SR/PP (Wandrey et al., 2004), and its outcrops are exposed between Jogi Tilla in 

the east and Chhidru in the west (Kazmi and Abbasi, 2008). It has also been encountered in wells 

drilled in the southeastern SR/PP area and Punjab plain (Kazmi and Abbasi, 2008). It is about 

50m thick in the eastern SR/PP. 

 The Jutana Formation overlies the Kussak Formation and consists of thick-bedded to 

massive, sandy dolomite with minor shale intercalations (Bender and Raza, 1995; Kadri, 1995). 

The presence of glauconite in the lithological units of the Jutana Formation shows deposition in a 

shallow marine to near-shore environment.  

 The Baghanwala Formation rests confirmably on the Jutana Formation (Shah, 1977). It is 

composed of red shale, alternating with sandstone with abundant salt-pseudomorph casts (Khan et 

al., 1986; Bender and Raza, 1995). Salt-pseudomorphs and absence of fossils point towards 

deposition in a restricted lagoonal environment (Kadri, 1995). 

 

2.2.4 Permian 

 At the end of Cambrian time, the SR/PP area was raised above sea level with a break in 

sedimentation, and erosion continued through the Carboniferous, which is marked by a major 
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unconformity in the SR/PP (Bender and Raza, 1995; Kadri, 1995; Jadoon et al., 1997; Kazmi and 

Abbasi, 2008). During the Carboniferous period the supercontinent Pangea began to take shape as 

continental plates drifted and ultimately welded to form Pangaea (Kazmi and Abbasi, 2008). This 

re-arrangement of continental plates had a major influence on climatic changes with widespread 

glaciations in Gondwanaland (Kadri, 1995; Kazmi and Abbasi, 2008). The cold situation was 

followed by a warmer continental environment, and then shallow marine condition depositing a 

diversity of sediments in the area (Shah, 1977; Bender and Raza, 1995; Kadri 1995; Jaswal et al., 

1997). 

 The Late Paleozoic rocks of SR/PP are of Permian age and a complete, highly 

fossiliferous Permian sequence is exposed in the Salt Range area (Bender and Raza, 1995; Kazmi 

and Abbasi, 2008 (Fig. 2.2). The Permian succession in the SR/PP is generally considered to have 

been deposited in a shallow marine environment (Khan et al., 1986; Kadri, 1995). Moreover, the 

clastic sediments dominate the eastern SR/PP, while carbonate is more abundant in the western 

and southern SR/PP (Bender and Raza, 1995). The rocks of Permian age in the SR/PP have been 

divided into two groups (Table 2.1), the Nilawahan Group (predominantly clastic) and Zaluch 

Group (mainly calcareous) (Shah, 1977; Bender and Raza, 1995; Kazmi and Abbasi, 2008). 

 

2.2.4.1 Nilawahan Group 

 The Nilawahan Group consists of a 300 to 400m thick clastic sequence of interbedded 

sandstones and shales deposited under continental conditions (Shah, 1977; Kadri, 1995; Kazmi 

and Abbasi, 2008). The Group has been subdivided into Tobra Formation, Dandot Formation, 

Warchha Sandstone and Sardhai Formation.  

 The Tobra Formation is the lowest formation of the Nilawahan Group with 

unconformable lower contact with Bhaganwala Formation (Kazmi and Abbasi, 2008). It consists 

of boulders, cobbles, pebbles and gravels of acid igneous rocks in a silty, sandy and argillaceous 

matrix (Shah, 1977; Kadri, 1995; Bender and Raza, 1995; Kazmi and Abbasi, 2008). The 
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presence of striations on the surfaces of boulders and a silty matrix points towards deposition in a 

fluvio-glacial environment. 

 The Dandot Formation mainly consists of siltstones, sandstones and shale/clays, 

deposited in shallow marine and near-shore environments (Shah, 1977; Kadri 1995). This 

Formation is 45m – 50m thick in the east and decreases toward the central part of the SR/PP 

(Kazmi and Abbasi, 2008). The Formation is well preserved in the east and central SR/PP but not 

developed in the western SR/PP (Kazmi and Abbasi, 2008). 

 The Warchha Sandstone is medium- to thick-bedded and is extensively distributed in 

SR/PP (Shah 1977; Kadri, 1995). The presence of sandstone and some carbonaceous shale 

suggest that it was deposited in fluvial and near-shore marine environments (Khan et al., 1986; 

Kazmi and Abbasi, 2008). 

 The Sardhai Formation is mainly composed of bluish-grey, purple or reddish claystone 

which becomes dark-violet to black towards the western SR/PP (Shah, 1977; Kadri, 1995; Bender 

and Raza, 1995; Kazmi and Abbasi, 2008). Thickness of the Formation in the SR/PP ranges from 

50-70m. 

 

2.4.2.2. Zaluch Group 

 A marine transgression marked the closure of Early Permian continental period, during 

which the underlying clastic sediments of Nilawahan Group were deposited (Kazmi and Abbasi, 

2008). The Zaluch Group mainly consists of marine sediments deposited during this transgression 

between the Early Permian to Late Permian (Kazmi and Abbasi, 2008). It has been divided into 

three formations: the Amb Formation, Wargal Limestone, and Chhidru Formation (Table 2.1, 

Kazmi and Abbasi, 2008). 

 The dominant lithology of the Amb Formation is thick to medium bedded calcareous 

sandstone, limestone and shale (Shah, 1977; Bender and Raza, 1995; Kadri, 1995). The 
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abundance of fossils shows deposition in a shallow to very shallow marine palaeoenvironment 

(Bender and Raza, 1995; Kadri, 1995).  

 The Wargal Limestone is dominantly composed of medium- to thick-bedded sandy 

limestone and dolomite with thin intercalations of dark grey-black shale (Bender and Raza, 1995; 

Kazmi and Abbasi, 2008). The Formation is rich in fossils indicating a shallow marine 

environment (Bender and Raza 1995). 

 The Chhidru Formation consists of dark grey, sandy shale, calcareous sandstone and 

sandy limestone (Shah, 1977; Bender and Raza, 1995). The Formation is less massive and more 

sandy than the Wargal Limestone (Bender and Raza, 1995).  

 

2.2.5. Mesozoic 

 The absence of Mesozoic rocks in the eastern SR/PP may be due to non-deposition or 

thin deposition, which may have been completely removed by erosion (Yeats and Hussain, 1987; 

Jaswal et al., 1997). In contrast, Mesozoic rocks are well preserved in the western SR/PP (Bender 

and Raza, 1995) (Fig. 2.3). Therefore, the Mesozoic era represents an unconformity in the central 

and eastern SR/PP (Table 2.1). Elsewhere in Pakistan, the known Mesozoic rocks are mainly 

composed of limestone, sandstone and shale. In the Southern Indus Basin, the Mesozoic rocks are 

largely marine, calcareous and argillaceous and several thousand meters thick (Kazmi and 

Abbasi, 2008). In the Northern Indus Basin (SR/PP-Kohat), the thickness of the Mesozoic rocks 

decreases and the sequence contains substantial amounts of clastic deposits (Kazmi and Abbasi, 

2008).  

 The Lower Triassic strata in the western SR/PP comprise the Mianwali Formation. The 

Formation consists of marl, limestone, sandstone, and dolomite (Kazmi and Abbasi, 2008). The 

Jurassic Samana Suk Formation mainly consists of limestone in the western SR/PP (Bender and 

Raza, 1995; Kazmi and Abbasi, 2008). The Cretaceous Chichali Formation of the western SR/PP 

includes a lower sandy glauconitic, shale member, a middle sandstone member and an upper 
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glauconitic sandstone member (Shah, 1977; Kazmi and Abbasi, 2008). Most of these formations 

are thin in the western SR/PP and their thickness increases further to the west in Kohat Plateau, 

Khisor Range and Samana Range. 

 

 

Figure 2.3. Diagrammatic section of the Upper Proterozoic (Neoproterozoic) to Tertiary 
sequences of the Salt Range-Khisor Range (after Gee, 1989, as cited in Bender and 
Raza, 1995; Kazmi and Abbasi, 2008) 

 

2.2.6. Paleocene 

 During the Paleocene time, the major event in Himalayan geology was the collision 

between the western margin of the Indian plate and the Afghan block (Beck et al., 1995), which is 

considered the first encounter of the leading edge of the Indian Plate with the Eurasian plate 

(Powell and Coneghan, 1973; Powell, 1979; Beck et al., 1995). This tectonic activity largely 

affected the thickness of Paleocene rocks deposition in the sedimentary basins of Pakistan (Kazmi 

and Abbasi, 2008). 

  Paleocene rocks are widely distributed in SR/PP (Fig. 2.2) and the dominant lithology is 

limestone with variable portions of shale, sandstone and conglomerate (Kadri 1995; Bender and 

Raza, 1995; Kazmi and Abbasi, 2008). Three Paleocene formations, the Hangu, the Lockhart, and 

W E 
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the Patala, have been recognized in the SR/PP (Shah, 1977). In the Early Paleocene, normal 

marine sedimentation resumed with the sedimentation of the Hangu Formation in coastal settings 

(swamp), the Lockhart Limestone in shallow water and the Patala Formation deposited in a 

shallow marine to deltaic environment along the shelf margin of the Pakistan-India plates (Shah, 

1977; Kadri, 1995; Bender and Raza, 1995; Warwick et al., 2007; Kazmi and Abbasi, 2008).  

 The Hangu Formation largely consists of fine- to coarse-grained, silty and ferruginuous 

sandstone, grading upward into fossiliferous shale and calcareous sandstone (Shah, 1977, Kadri 

1995). In western SR/PP the Formation is about 45 m thick and is composed of grey sandstone, 

grey to brownish grey clays and medium-thick bedded fossiliferous limestone (Kazmi and 

Abbasi, 2008). Farther to the east in the central SR/PP, it unconformibly overlies the Zaluch 

Group of Permian age (Bender and Raza, 1995; Kazmi and Abbasi, 2008) (Fig. 2.3). In the 

eastern SR/PP, the Formation unconformibly overlies the Nilawahan Group (Permian), and is 

about 5m thick (Kazmi and Abbasi, 2008).  

 The Lockhart Limestone is medium-thick bedded, massive, rubbly and brecciated with 

minor shale (Shah, 1977; Bender and Raza, 1995; Kazmi and Abbasi, 2008). 

 The Patala Formation largely consists of shale, limestone and sandstone (Shah, 1977; 

Bender and Raza, 1995; Kazmi and Abbasi, 2008). The Lockhart and Patala Formations have 

major hydrocarbon reserves in the SR/PP (Wandrey et al., 2004). The Hangu and the Patala 

Formations are readily exploited for coal deposits (Warwick et al., 2007).  

 

2.2.7. Eocene 

 In response to early Eocene collision sea level was changed as the region was raised, and 

as consequence affected the pattern of sedimentation in the Himalayan fold-thrust belt, along with 

the development of a large shallow sea (Kazmi and Abbasi, 2008). The Eocene strata of the 

SR/PP deposited in this shallow sea are the Nammal Formation, the Sakesar Limestone, and the 

Chor Gali Formation (Kazmi and Abbasi, 2008) (Table 2.1). According to Kadri (1995) and 
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Wandrey et al. (2004), the Eocene rocks have significant contribution toward the accumulation of 

hydrocarbon potential, and provide large reservoirs of commercial significance in Pakistan.  

 The Nammal Formation consists of shale, marl and argillaceous limestone and is well 

developed in SR/PP (Shah, 1977; Bender and Raza, 1995).  

 The Sakesar Limestone, the most prominent Eocene limestone in the SR/PP, consists of 

grey, nodular to massive limestone (Shah, 1977; Bender and Raza, 1995; Kadri, 1995). The 

thickness of the Formation is variable across the SR/PP (Shah, 1977; Bender and Raza, 1995).

 The Chor Gali Formation consists of thin-bedded grey, partly dolomitized and 

argillaceous limestone with soft calcareous shale interbedded with limestone in the upper part 

(Bender and Raza, 1995). The Formation is about 150 m thick at the type location in the Khair-e-

Murat Range in SR/PP. 

 The entire Oligocene record is missing from the SR/PP, and is marked by a major 

unconformity between Eocene and Miocene rocks (Table 2.1, Bender and Raza, 1995; Kazmi and 

Abbasi, 2008). From the Miocene onward only fluvial sediments of the Rawalpindi and Siwalik 

Groups have been deposited in the SR/PP (Pennock et al., 1989, Wandrey et al., 2004). The post-

collisional molasse deposits of the Rawalpindi and Siwalik Groups provide evidence for the 

continued uplift in the Himalayan orogeny (Johnson et al., 1979). 

 

2.2.8. Miocene 

 The Miocene rocks of the Rawalpindi Group in the SR/PP are subdivided into the Murree 

and Kamlial Formations (Table 2.1). Rawalpindi Group rocks are widely distributed in the NPDZ 

(Jaswal et al., 1997) and in the southern part of the SR/PP (Fig. 2.2). The clastic rocks of the 

Rawalpindi Group were deposited in fresh water and mainly consist of sandstone, clay and 

subordinate conglomerate (Shah, 1977; Bender and Raza, 1995; Kadri, 1995; Jaswal et al., 1997; 

Kazmi and Abbasi, 2008). 
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 The Murree Formation is generally composed of alternating beds of sandstone and 

shale/clay (Shah, 1977; Bender and Raza, 1995; Kazmi and Abbasi, 2008). The sandstone is 

coarse grained and the clay is red to purple in colour (Kazmi and Abbasi, 2008). 

 The Kamlial Formation consists of mainly grey to brick-red sandstone interbedded with 

purple shale and intraformational conglomerate (Shah, 1977; Bender and Raza, 1995; Kazmi and 

Abbasi, 2008). The Formation is distinguished from the underlying Murree Formation by its 

spheriodal weathering (Shah, 1977; Kazmi and Abbasi, 2008).  

 

2.2.9. Pliocene 

 Due to the rising Himalayan mountains, large quantities of clastic sediment were shed 

down and carried to the south by river systems during the Pliocene time, known as Siwalik 

Group/molasse (Johnson et al., 1982). These sediments are well studied and described from the 

southern SR/PP (Fig. 2.2) and comprise mudstones, sandstones and coarsely bedded 

conglomerates (Shah, 1977; Bender and Raza, 1995; Kazmi and Abbasi, 2008). The Siwalik 

Group includes the Chinji Formation, Nagri Formation, Dhok Pathan Formation and Soan 

Formation (Shah, 1977; Bender and Raza, 1995; Kazmi and Abbasi, 2008). 

 The Chinji Formation is present throughout the SR/PP. The Formation is mainly 

composed of red clay with subordinate grey sandstone and scattered lenses of interformational 

conglomerate (Shah, 1977; Kadri, 1995). The Formation is 1200m thick at Khaur dome in the 

SR/PP (Kazmi and Abbasi, 2008).  

 The Nagri Formation is largely composed of thick-bedded, medium- to coarse-grained 

sandstone interbedded with subordinate sandy clay and conglomerate (Shah, 1977; Bender and 

Raza, 1995; Kadri, 1995; Kazmi and Abbasi, 2008). The Formation is 500m thick in eastern 

SR/PP and 1800 m thick at Khaur dome in SR/PP (Kazmi and Abbasi, 2008). 

 The Dhok Pathan Formation is composed of alternating beds of sandstone and clays 

while in the upper part has lenses and layers of conglomerate (Shah 1977; Kadri 1995; Kazmi and 
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Abbasi, 2008). The Formation is 700 m thick in eastern SR/PP and 1820m near Khair-e-Murat 

Range (Kazmi and Abbasi, 2008). 

 The Soan Formation mainly consists of massive conglomerate with subordinate 

sandstone, siltstone and clay, exposed along the axis of Soan Syncline in the eastern SR/PP 

(Bender and Raza 1995) (Fig. 2.2). It is over 1040 m thick in SR/PP (Kazmi and Abbasi, 2008). 

 

2.3. UNCONFORMITIES 

 The above-described stratigraphy of the SR/PP is bounded by four unconformities (Table 

2.1). The lowermost non-conformity divides the underlying metamorphic basement rocks from 

the overlying Neoproterozoic Salt Range Formation (Kazmi and Abbasi, 2008). The Salt Range 

Formation was deposited unconformibly over the eroded surface of the deformed and 

metamorphosed Proterozoic/Precambrian rocks (Kazmi and Abbasi, 2008). At the closure of the 

Proterozoic, large areas of the Indo-Pakistan subcontinent were raised into a landmass (Kazmi 

and Abbasi, 2008). This was followed by extensive fracturing, rifting and subsidence which 

developed sedimentary basins of various sizes (Kazmi and Abbasi, 2008). During the non-marine 

and marine transition period in the Late Proterozoic, the Salt Range Formation was deposited 

unconformably in a restricted, shallow-marine, arid environment over the Proterozoic rocks 

(Bender and Raza, 1995; Kazmi and Abbassi, 2008). 

 Due to the termination of sedimentation in the SR/PP at the end of the Cambrian Period, 

the time gap is marked by a long hiatus stretching from the Early Ordovician to Late 

Carboniferous (Jadoon et al., 1997; Bender and Raza, 1995; Kazmi and Abbasi, 2008). The break 

is represented by an angular unconformity at the base of the Permian, characterized by a 

widespread boulder bed (the Tobra Formation) (Bender and Raza, 1995; Kazmi and Abbasi, 

2008).  

 A third hiatus, a paraconformity, separates the Mesozoic shelf sediments from the 

Paleozoic sequence in the central and eastern SR/PP (Jadoon et al., 1997; Bender and Raza, 1995; 



 27 

Kazmi and Abbasi, 2008) (Fig. 2.3). The unconformity suggests a break in sedimentation and also 

active tectonism in the foreland sedimentary basin (Kazmi and Abbasi, 2008). 

 During Oligocene time, as a result of continental collision, an extensive area of north 

Pakistan was uplifted and exposed to erosion (Kazmi and Abbasi, 2008). This unconformity 

marks the time break between the end of marine sedimentation and start of fluvial sediments 

(Kazmi and Abbasi, 2008).  

 

2.4. MECHANICAL STRATIGRAPHY 

 Mechanical stratigraphy substantially influences deformation style in fold-thrust belts 

(Woodward and Rutherford Jr, 1989; Turrini et al., 2001). According to Davies et al. (1983), 

deformation in sedimentary basins is primarily controlled by brittle deformation. Moreover, in 

competent rocks (sandstone, carbonates) fractures will form at high angle to the bedding, while in 

incompetent rocks (shale and evaporites), the fractures likely to develop almost parallel to the 

bedding (Ferril and Morris, 2008). Usually, thicknesses of competent units remain uniform during 

deformation while incompetent units undergo thickness changes through layer-parallel shortening 

(Ferrill and Morris, 2008). “Thick competent units also determine the wavelength of major folds 

in the deforming sequence, and incompetent strata and thin competent interbeds conform to the 

shape imposed on them by the folds of the dominant competent member” (Currie et al., 1962 as 

cited in Ferrill and Morris, 2008). 

 Recognizing the primary importance of mechanical stratigraphy on the structural style, 

SR/PP has been divided into four mechanical units in this study for the purpose of modelling. The 

identification of the mechanical stratigraphy of the SR/PP is fundamentally based on the 

composition and the role of the units in contributing to the structure style. 

 With the exception of the Neoproterozoic Salt Range Formation and the molasse Siwalik 

Group, Figure 2.3 shows that stratigraphic successions across the SR/PP are highly variable. 
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However, the overall stratigraphic units of the SR/PP have been considered uniform while 

conducting modelling of the prototype. 

 Of the four mechanical units represented in the models in this thesis the lower 

mechanically weak unit I represents the Salt Range Formation. The Formation provides a major 

decollement in the western Himalayan fold-thrust belt. The major contrast in the structural style 

in the eastern and western Himalayan fold-thrust belt has been attributed to the variation in the 

basal decollement. With the presence of a weak decollement (the Salt Range Formation), the 

deformational front is easily displaced towards the south in Pakistan as compared to India in the 

east. The mechanically strong platform rocks including carbonates and sandstone of Permian-

Eocene are grouped as unit II in the models. In the prototype, these mechanical units are cut 

across by thrust faults. The mechanically weak molasse sediments of the Rawalpindi Group 

comprise unit III, consisting of sandstone-siltstone and shale in equal proportions. In the SR/PP, 

the lower part of the Rawalpindi Group is faulted, while the upper part is dominated by folding. 

The molasse sediments of Siwalik Group consist largely of sandstone. The molasse sediments of 

this Group have experienced only folding in the prototype. Due to the high sandstone content, the 

molasse of this Group is mechanically strong and is represented by mechanical unit IV. This 

concept is discussed in more detail in chapter 4. 
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Chapter 3 

REGIONAL TECTONIC SETTING AND STRUCTURAL GEOLOGY 
OF THE SALT RANGE AND POTWAR PLATEAU 

 

3.1 INTRODUCTION 

 Under the theory of plate tectonics, mountain belts form at zones of plate convergence, 

and the largest belts with greatest crustal thickness and highest elevations are associated with 

continent-continent collisions. The Himalaya, the world’s youngest and highest orogenic belt, is 

the consequence of a continent-continent collision between the Indo-Pakistan Plate in the south 

and the Eurasian Plate in the north (Tahirkheli et al., 1979; Windley, 1983; Coward, et al., 1987; 

Yeats and Hussain, 1987). This continent-continent collision started during Early Eocene or Late 

Paleocene times (Searl et al., 1987; Beck et al., 1995), following the closure of the Neo-Tethys 

Ocean (Searle and Treloar, 1993). The collision zone between the Indian plate and Eurasian plate 

is known as the Indus-Tsangpo Suture (Gansser, 1977, as cited in Valdiya, 2002), while in 

Pakistan it is known as the Main Mantle Thrust (Tahirkheli, 1979, 1982).  

 Various micro-continents and more than one island-arc are involved in this collision 

(Dietrich et al., 1983; Searle, 1991), for example, the Karakoram Plate, the Kohistan Island-Arc, 

the Afghanistan Block, the Turan Block, and the Tibet Block converged and collided with the 

southern margin of the Eurasian Plate during Mesozoic time (LeFort, 1975, Windley, 1983) (Fig. 

1.1). Moreover, due to this convergence and collision, the Indian crust has deformed by 

significant horizontal shortening and south-directed thrusting (Powell, 1979), along with the 

development of the Himalayan fold-thrust belt (Bender and Raza, 1995; Kazmi and Abbasi, 

2008). The Salt Range and the Potwar and Kohat plateaus, northern Pakistan, occupy the western 

part of the Himalayan fold-thrust belt, with a thick succession of molasse sediments (Davis and 

Lillie et al, 1994), which host hydrocarbon reserves of economic importance.  
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3.2 SYNTHESIS OF REGIONAL TECTONIC EVOLUTION 

 The collision between the Indian plate and Eurasian plate has created the longest (2500-

km) orogenic belt of the Himalayas (Valdiya, 2002). Not only is this collision responsible for the 

creation of the world’s longest and highest mountain chain but also the largest elevated plateau on 

the surface of the Earth, the Tibet Plateau. Furthermore, the Himalayas is the tectonically most 

active collision zone in the world, extending westward from Burma, through northern India, 

Nepal and southern Tibet, into northern Pakistan (Bender and Raza, 1995) (Fig. 1.1). Due to 

underthrusting of the northern part of the Indo-Pakistan plate beneath the Eurasian plate, the 

Himalayas and the Tibet Plateau are lying at an elevation of ~5km above sea level (Argand, 1924; 

Holmes, 1965; Powell and Conaghan, 1973, 1975; Veevers et al., 1975, as cited in Ali and 

Aitchison, 2005) (Fig. 3.1). 

 

 

Figure 3.1. As a result of under-thrusting of the Indian Plate (a), the Himalayas and Tibet Plateau 
are underlain by the Indian Continental Crust (b). N.P., W.P. and E.P are the 
Naturaliste, Wallaby and Exmouth Plateaus, respectively (Ali and Aitchison, 2005). 
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 During the Paleozoic Era, all of the continents drifted to form a super-continent, known 

as Pangea (Kazmi and Abbasi, 2008), the assembly of which was completed in Permian time 

(Windley, 1984). The Paleozoic assembly of Pangea, with Gondwana at its southern part, resulted 

from reorganization of a prior supercontinent (Rodinia) that existed at about ~1000 Ma (Rogers et 

al., 1995). Pangea remained intact for about 100 m.y. until the Early Jurassic when this single 

landmass fragmented into two major pieces, Laurasia in the north and Gondwana in the south, 

separated by the Tethyan Ocean (Windley, 1984).  

 The Indian plate was located in the southern hemisphere from the Permian to mid-

Jurassic times between Africa, Antarctica, and Australian plates (Wandrey et al., 2004) (Fig. 3.2). 

In the mid-Jurassic (~ 167 Ma ago) Australia, India and the Antarctic started to move away from 

Africa (Wandrey et al., 2004), while in the Early Cretaceous (~130 Ma ago), Indo-Pakistan 

separated from Gondwanaland and drifted northwards (entering warmer latitudes) toward Eurasia 

(Johnson et al., 1976; Wandrey et al., 2004) (Fig. 3.2). As the Indian plate drifted northward and 

at the same time rotated counterclockwise, it slowly consumed the Tethyan Ocean, creating a 

series of arcs known as the Kohistan-Ladakh, Nuristan and Kandhar island arcs (Treloar and Izatt, 

1993; Wandrey et al., 2004). 

 The initial phase of the Himalayan Orogeny is suggested to have started by the Middle 

Cretaceous (~90 Ma ago), when the Kohistan Island Arc terrain collided with the southern margin 

of the Karakoram Plate, and continued until Early Eocene times (Hodges, 2000). The Indian plate 

traveled a distance of ~5000 km toward the north, before colliding with Eurasia ~ 55 Ma ago 

(Johnson et al., 1976; Hodges, 2000). Between 55 and 50 m.y., as a result of this collision, the 

northward movement of the Indo-Pakistan plate slowed down from 15-25 cm/yr to about 4.5 

cm/yr (Powell, 1979; Patriat and Achache, 1984), and moreover, accommodated a shortening of 

about 2600±900 km (Patriat and Achache, 1984). 
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Figure 3.2. Paleogeographic maps through Middle-Jurassic to Late-Oligocene Epoch (After 
Scotese et al., 1988; Scotese, 1997, as cited in Wandrey et al., 2004). 
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3.3. TECTONIC SUBDIVISION OF THE HIMALAYAS 

 Generally, the Himalayas can be divided into two broad regions: the hinterland 

(metamorphosed) and foreland (un-metamorphosed) zones (Coward et al., 1988). The hinterland 

zone is located immediately to the south of the Main Mantle Thrust and comprises crystalline 

rocks, while the foreland comprises successions of stratified sedimentary rocks to the south of the 

MBT (Coward et al., 1988) (Figs. 1.1, 3.3a, and 3.3b). In another classification, the Himalayas 

are divided into six longitudinal tectonic zones (Gannser 1964, 1980, as cited in Windley, 1983; 

Valdiya, 2002). From north to south these zones are the Karakoram Range, the Trans-Himalaya, 

the Indus Suture Zone, the Higher Himalaya, the Lesser (the Lower) Himalaya and the outer Sub-

Himalaya (Windley, 1983) (Figs. 3.3a, and 3.3b).  

 

3.3.1. The Karakoram Range 

 This range, which is composed of granitic batholiths, extends for about 600 km along the 

orogen and has a width of 150 km (Windley, 1983). It forms a convex-to-the-north belt located 

along the southern border of the western part of Tibetan Plateau and north of the Northern Suture 

Zone (Windley, 1983; Bender and Raza, 1995) (Fig. 3.3a). The Kohistan Island Arc accreted 

along the Main Karakoram thrust fault to the southern edge of the Karakoram block during Late 

Cretaceous time (Windley, 1983; Bender and Raza, 1995; Kazmi and Abbasi, 2008).  

 

3.3.2 The Trans-Himalaya 

 The Trans-Himalayan Batholith is situated to the north of the Main Mantle Thrust/Indus-

Tsangpo Suture (Windley, 1983; Valdiya, 2002). This zone stretches discontinuously over a 

distance of 2700 km between Afghanistan and Burma (Bender and Raza, 1995). It can be divided 

into the Kohistan Batholith in the west and the Ladakh Batholith in the east, with the intervening 

Nanga Parbat Syntaxis (Fig. 3.3a). 
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Figure 3.3a. Map showing tectonic division of Himalayas. D Dargai, DR Dras, E Everst, NP 
Nanga Parbat, SP Spongtang, TM Tso Morari, IZS Indus-Zangbo Suture, MCT 
Main Central Thrust, MBT Main Boundary Thrust and MFT Main Frontal Thrust 
(After Gansser, 1980; Stöcklin, 1980; Thakur, 1980; Fuchs, 1981; Coward et al., 
1982, 1982; Sinha, 1981; as cited in Windley, 1983).  

 

 

Figure 3.3b. Schematic cross-section through the Central Himalaya in Nepal (After Mitchell, 
1979, as cited in Windley, 1979). Symbols are similar to the Fig. 3.3a. 
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3.3.3 The Indus Suture Zone 

 This suture zone marks the boundary between the Indo-Pakistan plate and Eurasian plate 

with the Kohistan-Ladakh arc on the west and the Lhasa block of Tibet block in the east 

(Tahirkheli, 1982; Windley, 1983; Valdiya, 2002) (Fig. 3.3a). Ophiolite rocks are found in 

isolated patches along the entire length of this suture zone (Windley, 1983). In Pakistan the suture 

zone is known as the Main Mantle Thrust (Tahirkheli et al., 1979). 

 

3.3.4. The Higher Himalaya 

 The Higher Himalaya is the belt of the topographically highest mountains (Windley, 

1983). It can be divided into three key components (Windley 1983): 

1. The high-grade metamorphic belt 

2. The metamorphic belt, overlain by the Tethyan zone extending along the 

southern margin of Tibet Plateau in the east, to Zanskar in the west. It is 

composed of Cambrian-Eocene Tethyan sediments (Windley, 1983). 

3. Thrust klippen and ophiolites derived from the Indus Suture Zone 

 The Main Central Thrust (MCT) separates the Higher Himalaya from the Lesser 

Himalaya (Windley, 1983) (Figs. 3.3a & 3.3b). The MCT is well developed in eastern and central 

Himalaya but to the west its extension beyond Kaghan is controversial in north Pakistan 

(Windley, 1983; Valdiya, 2002). Therefore, it is difficult to make a distinction between the 

Higher and Lesser Himalayas in Pakistan (Valdiya, 2002).  

 

3.3.5. Lesser Himalaya 

 The Lesser Himalaya is bounded on the north by the Main Central Thrust Zone and on 

the south by the Main Boundary Thrust (Windley, 1983) (Figs. 3.3a, 3.3b). It is composed of a 20 
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km thick thrust pile of Proterozoic gneiss, thick Paleozoic strata and thin Mesozoic sediments 

with some Cambrian granite (Windley 1983).  

 

3.3.6. Sub-Himalaya 

 The sub-Himalaya is the most southern zone of the Himalayan mountain belt (Windley, 

1983; Valdiya, 2002). Its northern boundary is marked by the Main Boundary Thrust, and the 

southern edge is delimited by the Salt Range Thrust/Main Frontal Thrust (Valdiya, 2002) (Figs. 

3.3a, 3.3b). The area is composed of terrestrial sediments of the Rawalpindi and Siwalik groups 

derived from the rising Himalaya (Johnson et al., 1982).  

 

3.4. MAJOR TECTONIC FEATURES OF THE PAKISTANI HIMLAYAS 

 The Pakistani Himalaya (Fig. 3.4) is commonly divided into four tectonic slices bounded 

by north-dipping fault systems: the Main Karakoram Thrust, the Main Mantle Thrust, the Main 

Boundary Thrust, and the Salt Range Thrust (Farah et al., 1984; Yeats and Lawrence, 1984). 

North of the Main Karakoram Thrust lies the Karakoram Range and Hindu Kush, sutured to 

Eurasia (Turan block) in the Late Triassic-Middle Jurassic (Sengör, 1979) (as cited in Pennock et 

al., 1989). The Kohistan block is an island arc sandwiched between the Main Karakoram Thrust 

and Main Mantle Thrust (Jan and Asif, 1981; Tahirkheli, 1982; Farah et al., 1984), which became 

attached to Eurasia in the Late Cretaceous (Windley, 1983) to early Eocene (Kennett, 1982). 

Zeitler et al. (1982) suggest that the Main Mantle Thrust became inactive ~15 Ma ago, following 

a period of uplift north of the fault between 30-15 Ma. During the early Miocene, deformation 

transferred to the Main Boundary Thrust (Bird, 1978), along which Tertiary rocks are thrusted 

over the molasse sediments of the SR/PP and Kohat Plateau (as cited in Pennock et al., 1989). 

More recently (~0.4Ma), the ongoing shortening has been transferred to the Salt Range Thrust 

(Yeats et al., 1984) (Fig. 3.4) (as cited in Pennock et al., 1989).  
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Figure 3.4. Generalized tectonic map of Pakistan emphasizing elements of the active Himalayan 
foreland thrust belt and the location of the Makran accretionary wedge. MKT Main 
Karakoram Thrust, MMT Main Mantle Thrust, MBT Main Boundary Thrust, CMF 
Chukhan Manda Fault, IB Islamabad, K Karachi, Kt Kohat, KF Kingri Fault, KFTB 
Kirthar foreland-and-thrust belt, KMF Kurram Fault, KRF Kirthar Fault, NR 
Nagarparkar ridge, ONF Ornach Nal Fault, P Peshawar, PF Pab Fault, Q Quetta, S 
Sargodha, SFTB Sulaiman foreland fold-and-thrust belt, SH Sargodha basement 
high, SR/PP Salt Range/Potwar Plateau, SRT Salt Range Thrust, ST Sibi Trough. 
Modified from Davis and Lillie (1994).  
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3.5. WESTERN HIMALAYAN FOLD-THRUST BELT OF PAKISTAN 

In the course of convergence and collision, the Himalayan fold-thrust belt developed by 

horizontal shortening of the former passive continental margin by folding and faulting on a series 

of south-verging thrust faults (Coward and Butler 1985; Hodges, 2000). In Pakistan, the 

Himalayan fold-thrust belt is bounded by four major EW-trending thrust faults, which divide this 

belt into three main tectonostratigraphic zones (Kazmi and Abbasi, 2008), as shown in Table 3.1. 

The Main Boundary Thrust and Salt Range Thrust are the major members of this fault system 

(Zeitler et al., 1982; Yeats and Hussain, 1987). 

Table 3.1. Tectonistratigraphic zones of the Himalayan fold-thrust belts in Pakistan (Kazmi and 
Abbasi, 2008).  

 

 

 

 The rising mountains developed during the Himalayan orogeny provided a new source of 

clastic sediments, which were carried by rivers to the Himalayan foreland. In Pakistan, the 

Himalayan fold-thrust belt stretches from the Kashmir fold-thrust belt in the NW, southward 

through the SR/PP foldbelt, the Sulaiman fold belt, and the Makran accretionary wedge (Davis 

and Lillie, 1994) (Fig. 3.4). As the deformation propagated in sequence from hinterland to 
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foreland, a system of southward-younging thrust faults developed in Pakistan (Davis and Lillie, 

1994). No doubt, the Pakistani fold-thrust belt is part of the Himalayan orogeny; however, there is 

diversity in structural style from the Kashmir fold-thrust belt in the NW to the Makran 

accretionary wedge to the south, which is caused by variations in lithological thicknesses, 

detachment horizons, and fluid pressure (Davis and Lillie, 1994).  

 

3.5.1. Salt Range/Potwar Plateau 

 The Salt Range and Potwar Plateau (SR/PP) comprise an east-west trending fold-belt, 

located in the western deformed portion of the Himalayan fold-thrust belt (Kazmi and Abbasi, 

2008) (Fig. 3.5). The belt is ~ 150 km wide in a N-S direction, and is bounded to the north by the 

Main Boundary Thrust and to the south by the Salt Range Thrust. Moreover, the Kalabagh dextral 

and Jhelum sinistral strike-slip faults define its western and eastern boundaries, respectively 

(Sarwar and DeJong 1979; Kazmi and Rana, 1982; Yeats et al., 1984; Coward et al., 1986; Gee, 

1989; Yeats and Lawrence, 1984, as cited in Bender and Raza, 1995; Kazmi and Abbasi, 2008) 

(Fig. 3.6). A sedimentary sequence ranging from Neoproterozoic to Recent is exposed in the 

SR/PP (Bender and Raza, 1995; Kazmi and Abbasi, 2008). In the presence of the Neoproterozoic 

ductile Salt Range Formation, the deformation easily progressed far into the foreland, because the 

Salt Range Formation provided a weak detachment horizon in the SR/PP (Sarwar and DeJong 

1979; Lillie et al., 1987; Butler et al., 1987) (Fig. 3.5).  

 The Potwar area has little relief, and has been called the Potwar depression (Khan et al., 

1986), with thick post-collisional molasse deposits of the Rawalpindi and Siwalik Groups 

(Johnson et al., 1982; Jadoon et al., 1997, Jaswal et al., 1997). The northern part of the SR/PP is 

highly deformed, the central part shows very little deformation, while in the south most of the 

deformation has been accommodated along the Salt Range Thrust (Lillie et al., 1987; Davis and 

Lillie, 1994).  
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Figure 3.5. Tectonic map of the Himalayas, showing the Himalayan Foreland in North Pakistan. 
Chaman Fault, Indus suture zone, Main Boundary Thrust; Main Frontal Thrust; Main 
Mantle Thrust, Salt Range-Potwar Plateau (SR/PP). Modified after Jadoon et al., 
1997. The shading displays far movement of SR/PP towards the south in the 
presence of a weak horizon (Salt Range Formation) as compared to eastern foreland. 
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Figure 3.6. Generalized structural map of the SR/PP also showing Kohat Plateau (Kazmi and 
Rana, 1982; Khan et al., 1986; Law and et al., 1998, as cited in Wandrey et al., 2004) 

 

 Toward the south, the Salt Range is an east-northeast trending highland with both ends 

turned toward the north (Bender and Raza, 1995; Kazmi and Abbasi, 2008). To the west, the 

range is truncated from the Surghar Range by the Kalabagh Fault zone (Gee, 1980, as cited in 

McDougal and Khan, 1990), which is a prominent N-S structural feature formed after the uplift of 

Surghar Range along the emergent thrust (McDougall and Hussain, 1991), while the Salt Range 

rises above the Punjab Plain and exposes older strata at the surface (Kazmi and Abbasi, 2008). 

Hence, the sediments of the Punjab Plain are undeformed, with the development of the current 

“foredeep” of the Pakistan Himalayas. Precambrian basement (Indian Shield) exposed in the 

Kirana Hills/Sargodha High represent the forebulge, developed in response to sediment loading in 

the foredeep (Farah et al., 1977; Seeber et al., 1981l; Yeats and Lawrence, 1984; Duroy, 1986, as 

cited in Bender and Raza, 1995; Kazmi and Abbasi, 2008).  
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3.5.2. Structural Geology of Salt Range/Potwar Plateau 

 The SR/PP of Pakistan represents the external and most recent expression of the 

Himalayan foreland fold-thrust belt detached upon the ductile horizon of the Salt Range 

Formation (Lillie et al., 1987; Baker et al., 1988; Jaume and Lillie, 1988, Pennock et al., 1989; 

Davis and Lillie, 1994; Jadoon et al., 1997, Jaswal et al., 1997; Blisniuk and Sonder, 1998). In 

contraction belts, a weaker detachment, such as salt, plays a significant role in controlling its 

evolution and structural style (Davis and Engelder, 1985; Butler et al., 1987). The presence of a 

ductile substrate will produce weak friction along the basement such that the maximum principle 

stress axis will be approximately horizontal, generating bivergent structures (Davis and Engelder, 

1985; Davis and Lillie, 1994). To understand better the effects of ductile and salt detachments, 

theoretical investigations (e.g., Davis and Engelder, 1985) as well as analogue modelling have 

been carried out (e.g., McClay, 1989; Liu et al., 1992; Dixon and Liu, 1992, Koyi, 1998, Cotton 

and Koyi, 2000; Roca et al., 2006; Hude and Jackson, 2007; Koyi et al., 2008). 

 According to Davis and Engelder (1985) thin-skinned fold-thrust belts above a salt 

horizon typically (1) have narrow (<1o) cross-sectional tapers, (2) extend over a larger area than a 

non-evaporite belt, (3) develop structures that verge towards both hinterland and foreland, (4) 

develop continuous and long-trend folds characterized by tight anticlines and intervening open 

synclines, and (5) exhibit changes in deformation style at the edge of the evaporite basin. The 

eastern SR/PP have characteristics that resemble the findings of Davis and Engelder (1985): a 

taper of less than <1o, width of 100-150km, both hinterland- and foreland-verging thrust faults, 

and structures rotated 30o counterclockwise in the east with respect to the trend of the Salt Range 

(Jaume and Lillie, 1988). Although the main decollement in the SR/PP remained in the same Salt 

Range Formation, there is a major contrast in the structural style from north to south and east to 

west (Qayyum and Spratt, 1998) (Fig. 3.7).  
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Figure 3.7. Map showing structural style in the Salt Range and Potwar Plateau. NPDZ=Northern Potwar Deformed Zone, MBT=Main Boundary 
Thrust, HR=Hill Ranges, KF=Kalabagh Fault, SR=Surghar Range, RF=Riwat Fault, PH=Pabbi Hills anticline, BF=Basement Fault, 
SRT=Salt Range Thrust, and LA=Lilla Anticline (Modified after Gee (1980) and Baker et al. (1988)). Note the ‘S’-Shaped bend in the 
eastern Salt Range. A- A/, B- B/and C-C/ show the locations of the cross-sections in Figures 5.5, 3.8 and 5.6 respectively. The blue and 
the green dashed lines show the location of the Figure 5.15 and 5.20. The dashed rectangle outlines the area of Figure 5.11. 
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 Previous workers have stated different reasons to explain the variation in the structural 

style in the SR/PP. The eastern SR/PP may be located at the border of the salt basin, and 

therefore, thinning of the salt horizon in the east may be responsible for the variation in structural 

style along the strike (Davis and Engelder, 1985; Pennock et al., 1989; Baker et al., 1988; Jaume 

and Lillie, 1988). According to Butler et al. (1987), the basal decollement stepped upward from 

the Salt Range Formation into overlying molasse sediments (Rawalpindi and Siwalik groups) in 

the east, which may have offered more resistance to deformation. This transformation from a low-

strength to a high-strength detachment may have triggered the contrasting structural style. Jaume 

and Lillie (1988) suggested that the difference may be due to the variation in basement dip, 1.9o-

3.6o in the centre and NPDZ, and 0.8o in the east. Similarly, Pennock et al. (1989) supported the 

interpretation of Jaume and Lillie (1988) and documented that salt thins to the east and that 

stepping of the decollement upwards into the molasse is not supported by surface outcrop, 

drilling, and seismic reflection data. Conversely, there is no major change in the stratigraphy from 

east to west; hence, the difference in structural style is likely not governed by the presence or 

absence of certain units or major variation in their lithofacies (Qayyum and Spratt, 1998). 

 In contrast, the Northern Potwar Deformed Zone (NPDZ), with severe deformation and 

without any major topographic slope, is suggested to be developed over a frictional substratum 

and later translated over the weaker horizon of the Salt Range Formation (Jaume and Lillie, 1988; 

Jadoon et al., 1997; Jaswal et al., 1997).  

 The north-dipping basement normal fault in the central SR/PP was reactivated during 

thrusting as a localizing footwall ramp above which the SR/PP ramps to the surface forming the 

Salt Range Thrust (Lillie et al., 1987; Baker et al., 1988; Jadoon et al., 1997) (Figs. 1.5, & 5.5). 

This seismically imaged normal fault may have been developed by crustal flexure in response to 

the Himalayan thrust load (Lillie et al., 1987; Baker et al., 1988), and then reactivated as a thrust 

fault during compressional tectonics (Baker et al., 1988; Davis and Lillie, 1994). Displacement on 

this thrust fault (Salt Range Thrust) gradually dies out to the east in a distinct ‘S’-shaped 
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structure, while in the west the Salt Range Thrust fault is connected to Surghar Range by a strike-

slip fault known as the Kalabagh Fault (Figs. 1.5 and 3.7). The southern half of the ‘S’-shaped 

geometric structure is marked by the WSW-verging Chambal Ridge and the northern half by the 

SE-verging Jogi Tilla Ridge (Qayyum and Spratt, 1998). Similarly, the western Kalabagh fault 

zone is also thought to be offset by a down-to-the-north fault at the Surghar Range frontal ramp 

(McDougall and Khan, 1990; McDougall and Hussain, 1991) (see Fig. 3.8). 

 The frontal ramp in the SR/PP has been investigated in detail by numerous researchers 

but very little attention has been paid to the possibility that lateral and oblique ramps may have 

played a significant role in the structural style along the Pakistan Himalayan fold-thrust belt. 

There are no previous examples of analogue modelling investigating the role of lateral and 

oblique ramps in the SR/PP. The major aim of this thesis is to investigate through centrifuge 

modelling the role of these parameters in the structural variation of SR/PP. The technique is also 

used to simulate the development of the western Kalabagh Fault Zone (SR) and the NPDZ.  

 Fault-bend folds have long been recognized as features that develop in areas of thin 

skinned deformation (Rich, 1934). Thrust faults commonly cut across the mechanically strong 

units by climbing up-section, but in contrary follow the bedding plane of mechanically weak units 

forming a flat-ramp-flat geometry (Rich, 1934; Dahlstrom, 1970; Butler, 1982). 

 A frontal ramp is oriented perpendicular to the direction in which the thrust sheet moves; 

a lateral ramp strikes parallel to the thrust transport direction; and a ramp segment which strikes 

at an acute angle or oblique to the transport direction is known as an oblique ramp (Butler, 1982; 

McClay, 1992) (Fig. 3.9a). A tear fault may be a high-angle lateral ramp (McClay, 1992) 

breaking the thrust sheet into segments. Frontal and oblique ramps normally intersect the bedding 

at between 10o and 30o (McClay, 1992). 
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Figure 3.8. Cross-section BB/ across Surghar Range underlain by a north-dipping normal fault 
near Kalabagh Fault Zone to the west of Salt Range and Potwar Plateau (McDougall 
and Hussain, 1991). See Figure 3.7 for location. 

 

 During the forward movement of a thrust sheet over a ramp-flat surface consisting of a 

fault connected by transverse and oblique segments, the hanging wall strata conform to the 

footwall by undergoing internal deformation reflecting the footwall geometry (Rich, 1934; 

Dahlstrom, 1970; Butler, 1982, Dixon and Spratt, 2004). Therefore, due to this localized 

deformation, large-scale culmination structures are developed over the ramp systems with flat 

tops or depressions (Dahlstrom, 1970; Butler, 1982). These structures plunge in opposite 

directions and at the same time are responsible for the abrupt change in the hanging wall 

stratigraphy (Dahlstrom, 1970; Butler, 1982) (see Fig. 3.9b).  

 Dixon et al. (1998a) and Dixon and Spratt (2004) carried out ‘generic’ models of ramp 

structures/systems, which were not based on any particular fold-thrust belt or stratigraphic 

sequence, to observe the effect of such parameters on a structural style. Dixon and Spratt’s (2004) 

modelling of ramp systems has been used as a starting point in the present study to evaluate the 

structural style of the SR/PP in the presence of such a ramp system. 
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Figure 3.9. (a) Three dimensional block diagram illustrating different types of fault ramps, 
frontal, lateral and oblique ramps on the footwall (Modified after McClay, 1992). 
Lateral ramp with vertical dip will be called as tear fault. (b) Culmination structures 
in a thrust sheet due to tear fault in the underlying corrugated thrust fault (Modified 
after Dahlstrom, 1970, by Dixon and Spratt, 2004).  

 

3.6 SUMMARY 

 A continuous northward movement of the Indo-Pakistan plate consumed the Neo-Tethys 

Ocean and subsequently caused the Indo-Pakistan plates collide with the Eurasian plate in the 

north. As result of this collision a thrust wedge developed due to tectonic loading and thrusting. 

The molasse sediments shed from the rising Himalayas were accumulated in the foreland area. 

Due to continued convergence, the thrust front slowly prograded towards the south. The SR/PP 

constitute the western part of the Himalayan fold-thrust belt deformed over a ductile layer of the 
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Salt Range Formation. In the west (Pakistan), the Himalayan fold-thrust belt is translated further 

to the south as compared to the east which is attributed to the variation in stratigraphy controlling 

the detachment level, as described in chapter 2. 

 There is major contrast in the structural style in the SR/PP. The northern part of the 

SR/PP is highly deformed as compared to the central and southern parts. The Main Boundary 

Thrust marks the northern margin of the SR/PP and brings Mesozoic platform rocks over the 

Miocene molasse sediments. The SR/PP is bounded by an E-W trending Salt Range Thrust in the 

south representing the leading edge of the Himalayan fold-thrust belt. The Kalabagh Fault, a 

north-south trending dextral, fault truncates the western margin of the SR/PP.  

 In this study the centrifuge analog modelling technique is utilized to understand the 

variation in the structure of SR/PP in response to mechanical stratigraphy and basement ramps 

systems. The technique is described in the following chapter 4, and the modelling results are 

presented in chapters 4 and 5. In chapter 4, a mechanical stratigraphy of the SR/PP is established 

that replicated structures analogous to the structures interpreted in SR/PP. Chapter 5 deals with 

four problems investigated through ramp systems, and also the evolution of NPDZ: the geometric 

and kinematic evolution of central SR/PP is carried out in the presence of frontal ramp; the 

variation in the structural style across the central and eastern SR/PP has been addressed by 

considering the effect of frontal and lateral ramp systems on the structural style; the influence of 

an oblique ramp in the basement connecting SR/PP and Surghar Range on the structures in the 

Kalabagh area; and finally to resolve the controversy about the evolution of NPDZ either over 

ductile or frictional substrata. 
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Chapter 4 

PHYSICAL ANALOG MODELLING: THEORY, TECHNIQUE AND 

PRELIMINARY MODELS  

 

4.1. INTRODUCTION 

 Modelling involves the representation of an object or system known as the prototype that 

one wants to understand. There are two broad categories of modelling, mathematical and 

physical. In mathematical modelling, the prototype system is addressed by a set of mathematical 

expressions, while in physical modelling the prototype system is represented by analog materials. 

To conduct scaled physical modelling experiments, modelling materials are selected that 

appropriately represent the mechanical behaviour of equivalent parts of the prototype when 

subjected to appropriately scaled stresses and boundary conditions. By modelling geological 

systems with materials of lower strength, one can replicate the evolution of a system in a few 

minutes or hours that correctly represents millions of years of geological deformation. A 

significant advantage of physical modelling is that the deformation of the prototype can be 

simulated through experimentation and the deformation can be documented. Unlike the 

prototype, the initial configuration of the models is precisely known, and can be compared with 

the deformed higher stages. The comparison provides insight into the evolution of the structures, 

and therefore, enhances the understanding of progressive deformation that may have occurred in 

the prototype. 

 There is a long history of using physical models to study the deformation of mountain 

belts and understand the evolution of geological structures (Schardt, 1884; Cadell, 1889; Willis, 

1893; Nettleton and Ekins, 1947; Davis et al., 1983, as cited in Koyi, 1997). However, many 

early models produced unrealistic structures because of lack of knowledge about the rheological 
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properties of the prototype and model materials as well as the principles of scaling (Hubbert, 

1937; Ramberg, 1967; Eisenstadt et al., 1995; Dixon and Tirrul, 1991; Koyi, 1997). 

 

4.2. PHYSICAL MODELLING OF GEOLOGICAL STRUCTURES 

 Physical modelling can be used as a vital tool to investigate the evolution of geological 

structures. The models offer means to investigate the influence of mechanical stratigraphy on 

structural style and understand the geometry and kinematics of structures in an area (Dixon and 

Tirrul, 1991). Modelling a geological structure or system requires that specific attention be given 

to the rheological properties of rocks in the prototype (Dixon and Summers, 1985). 

 

4.2.1. Importance of modelling material and scale 

 It is well established that the physical properties of a body, e.g., strength and weight, 

change as the size of the body is changed but not in direct proportion to its size (Ramberg, 1967, 

1981). Therefore, modelling a large-scale object or system using a small-scale model cannot be 

achieved by reducing the original size only (Ramberg, 1967; Eisenstadt et al., 1995). This is 

because when the size of a body is increased, the area and strength increase by the square of the 

linear dimension, whereas volume and mass increase as the cube of linear dimension (Ramberg, 

1967, 1981). Based on this notion, it can be derived that as the size of an object increases, its 

strength decreases because the weight of the body increases beyond the strength of the material of 

which the object is made (Eisenstadt et al., 1995). Due to this reason, a hand-specimen-size rock 

sample is much stronger than a large rock body, which would easily deform under its own weight 

(Ramberg, 1967). This statement demonstrates that a small-scale system can be simulated by 

using strong material but in contrast a large-scale system will require weak material to replicate it 

in a dynamically scaled model (Eisenstadt et al., 1995). Also, shorter experiments must require 

the use of soft model material to simulate the evolution of natural structures in a shorter time 
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(Ramberg, 1967; Eisenstadt et al., 1995). Previous workers have used a wide variety of weak 

materials such as wax, plaster of Paris, turpentine, heavy oil, wet clay, and asphalt to 

experimentally replicate the ductile deformation of natural rocks in their models (Cadell, 1888; 

Willis, 1893; Nettletton and Elkin, 1947, as cited in Koyi, 1997). To simulate brittle behaviour of 

rocks, granular sand has been used (Hubbert, 1951; McClay and Ellis, 1987; Mulugeta and Koyi, 

1987; Vendeville et al., 1987 as cited in Koyi, 1997). 

 It is necessary for a model to be properly scaled to obtain realistic conclusions from the 

model about the prototype (Hubbert 1937). Moreover, Hubbert introduced the use of dimensional 

analysis and defined the necessary requirements of scaling for modelling geological structures. 

Based on this principle, the model and prototype should be geometrically, kinematically and 

dynamically similar so that the model closely simulates its counterpart in nature (Hubbert, 1937; 

Ramberg, 1967; Einsenstadt et al., 1995). 

 Geometric similarity exists between two bodies if the corresponding sides have lengths in 

the same ratio and the corresponding angles in both are equal. Therefore, in a geometrically 

scaled model, all geometric dimensions are proportional to the corresponding dimensions in the 

prototype (Hubbert, 1937). 

 Kinematic similarity requires geometric as well as time similarity. If two geometrically 

similar bodies experience changes in shape or positions, or both, and the time required for any 

change in one body is proportional to a similar change in the other body, the bodies have 

kinematic similarity (Hubbert, 1937).  

 For dynamic similarity, two bodies must be geometrically and kinematically similar. The 

mass distributions in the bodies should be proportional point by point and the forces arising from 

the masses in the bodies must be in the same direction point by point and proportional in 

magnitude (Hubbert, 1937). Therefore, a model that is dynamically scaled to a geological 

prototype will evolve geologically realistic structures and provide complementary information on 
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processes and deformation of the geological structures in the prototype (Hubbert, 1937; Ramberg, 

1967; Einsenstadt et al., 1995). 

 Generally, two techniques are used in dynamically scaled physical modelling of 

geological systems. Bench-top modelling is carried out under natural gravity conditions, “1g” 

(e.g., sand box modelling), while the centrifuge technique uses increased “g” values (Ramberg, 

1981). In the centrifuge, body forces are increased by increasing the centripetal acceleration 

experienced by the model to a level many times higher than the Earth’s gravitational acceleration 

acting upon the prototype. Therefore, it allows stronger material with larger strength to be used 

for the construction of the model, as compared to bench-top modelling, to maintain dynamic 

similarity, because the stresses that arise from the mass of the model in the increased gravity field 

are also increased (Ramberg, 1981). 

 

4.3. CENTRIFUGE TECHNIQUE 

 In the centrifuge technique, centrifugal force has the same function in the model as the 

force of gravity in the geological structures but many times larger than the gravitational force in 

the prototype (Ramberg, 1967; Koyi, 1997). Earth scientists have long been aware of the 

influence of the force of gravity (Koyi, 1997); for example, Sir James Hall (1815) used a 

weighted plank over pieces of cloths to simulate the confinement of strata that arises due to the 

weight of overlying strata in the gravity field. Similarly, Bailey Willis (1893) used lead shot to 

simulate the weight of overlying strata above fold-thrust structures.  

 More recently, Hans Ramberg laid the foundation for systematic research by establishing 

a centrifuge laboratory (Koyi, 1997). According to Ramberg (1967, 1981), centrifuge modelling 

is an important technique for physical modelling of phenomena influenced by gravity, likewise 

the tectonic deformation in the Earth’s crust; moreover, the centrifuge allows the body forces 

arising from gravity to be scaled with the same model ratio as the surface forces applied to the 

model to induce the tectonic deformation. 



 53 

 Ramberg (1967, 1981) applied the centrifuge analog technique to geological modelling 

and conducted a variety of dynamically scaled experiments using silicone putty and painter’s 

putty to simulate the development of diapirs and dome structures. Dixon (1975) used centrifuge 

modelling to investigate progressive deformation in buoyant diapirs. He demonstrated that the 

highest strain area is developed above the diapirs and the nature of the fabric can be used in the 

interpretation of natural diapirs. Mulugeta (1988) and Mulugeta and Koyi, (1987) used a squeeze-

box operated in a centrifuge to investigate compressional tectonics and the effect of the basal 

friction on the geometric evolution of thrust wedges. 

 Dixon and his students have carried out a number of modelling experiments in the 

centrifuge laboratory at Queen’s University to understand a variety of phenomena relating to 

natural fold-thrust belts, such as Dixon and Tirrul, (1991), Liu and Dixon (1990, 1991, 1995), 

Dixon and Liu (1992), influence of mechanical stratigraphy (Dixon and Tirrul, 1991), 

stratigraphic heterogeneities such as facies boundaries (Dixon et al., 1997, Dixon, 2004), and 

structures associated with lateral ramps and tear faults (Dixon et al., 1998, Dixon et al., 1999; 

Deline and Dixon, 2000; Deline and Dixon, 2001; Dixon and Spratt, 2004). 

 

4.3.1. Modelling materials 

 Fold-thrust deformation can be simulated using models constructed of laminae of 

Plasticine™ modelling clay and “silicone putty” (the material poly dimethyl siloxane commonly 

marketed as “Silly Putty”) (Dixon and Summers, 1985; Dixon and Tirrul, 1991). The plasticine 

used in this study is manufactured by Harbutt’s Ltd. under the name “Gold Modal Brand.” The 

silicone putty is Dow Corning dilatant compound 3179. 

 Plasticine and silicone putty are suitable mechanical analogues for limestone (or 

sandstone) and shale, respectively (Dixon and Summers, 1985, 1986; Dixon and Tirrul, 1991). 

These previous works have described the rheological properties of the model materials in some 

detail. McClay (1976) found that plasticine deforms plastically in pure shear tests with strain-
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rates between 10-3s-1-10-6s-1. Some types of plasticine are a non-linear, strain-rate softening, but 

also strain-rate hardening material (Zulauf and Zulauf, 2004). In contrast, silicone putty is a close 

representative of incompetent rocks such as shale/evaporite (Dixon and Summer, 1985). At 

strain-rates between 10-5s-1-10-3s-1, silicone putty deforms by inelastic and non-recoverable ductile 

strain obeying the power-law creep behaviour with n=7±2 (Dixon and Summer, 1985). 

 The analog competent units generally deform in a ductile manner at low strain rates; 

however, at high strain-rate they deform by “faulting” through localized slip on conjugate shear 

planes (Dixon and Tirrul, 1991). In contrast, the analog incompetent units usually deform in a 

ductile manner over a wide range of conditions (Dixon and Tirrul, 1991). The rheological 

behaviour of the model materials, plasticine and silicone putty, are represented in Figure 4.1. In 

this figure, data for the model materials are plotted against the lower (x-axis) and left hand (y-

axis) axes, and data for the prototype rocks are plotted against the upper (x-axis) and right-hand 

(y-axis) axes. The two sets of axes are displaced from each other by the model ratios of strain-rate 

and stress. 

 Stress/strain-rate data for plasticine from Stevens (1983) and Evans (1987) (as cited in 

Dixon and Tirrul, 1991) are shown by outline boxes, and data for Harbutts Gold Medal plasticine 

from Dixon and Summers (1985) is represented by a bold line (Fig. 4.1). Stress/strain-rate data 

for silicone putty at different temperatures (Dixon and Summers, 1985) are shown by solid lines, 

and the curves are extending by dashed lines to high strain-rate conditions where the ductile 

strength of silicone putty intersects with that of plasticine. Under such condition, the two 

materials can be rolled into uniformly laminated multilayers at higher strain-rate (Dixon and 

Summers, 1985). On the other hand; at low strain-rate conditions the two model materials show a 

strength contrast of roughly two orders of magnitude (Fig. 4.1). By rolling at high strain-rate both 

of the materials can be interlayered with different ratios of thickness to obtain the bulk 

competency of the composite units as desired (Dixon and Summers, 1985; Dixon and Liu, 1992). 
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Moreover, as the individual stratigraphic units are internally laminated they preserve a 

mechanical anisotropy that approximates bedding in the prototype (Dixon and Summers, 1985). 

 

 

Figure 4.1. Shear stress vs. strain rate plot illustrating the rheological behaviour of model 
materials silicone putty and plasticine and prototype rocks limestone and quartzite. 
The two sets of axes are associated by the model ratios calculated in Table 4.1 
(modified after Dixon and Tirrul, 1991). The horizontal axes are displaced by the 
model ratio of time (strain rate) 10-11. The two vertical axes are related by stress 
ratio of 0.0024 (model/prototype), corresponding to models deformed at 4000g. 

 

 In the Figure 4.1, prototype data for two separate mechanisms of deformation in the 

prototype rocks, i.e., pressure solution (of calcite in limestone and quartz in sandstone) and calcite 

twinning in limestone at high-level crustal environments, are plotted in the upper and right-hand 

axes (Dixon and Summers, 1985). The two dashed lines for pressure-solution correspond to 100 

micron grain-size and a temperature of 100oC (Dixon and Summers, 1985). In Figure 4.1, the 

regions outlined by limestone twining and limestone and quartz pressure solution overlap with 
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that of the rheological behaviour of plasticine estimated by Dixon and Summers (1985). In this 

study, with the selected model ratios (Table 4.1), the overlap is achieved as the strain-rate axes in 

Figure 4.1 are offset by a time ratio of 10-11 (1 hour in the model is equivalent to 11.5Ma in the 

prototype), and the stress axes are offset vertically by a stress ratio of 0.0024 (model/prototype) 

corresponding to models deformed at 4000g. 

 For further detail, the reader is referred to Dixon and Summers (1985) and Dixon and 

Tirrul (1991) for complete discussion of rheological properties of the analog model materials 

used for modelling fold-thrust belts in the Experimental Tectonic Lab at Queen’s University. 

 

4.3.2. Modelling preparation and experimental procedure 

 Dixon and Summers (1985) introduced a rolling technique to prepare representative 

model stratigraphic units for a fold-thrust belt. This method was applied in present study using a 

steel roller to prepare layers of plasticine and silicone putty on a water-wet glass plate. The 

desired thickness of layers was achieved with the help of metal bars of known thickness. Initially 

a pair of plasticine and silicone putty layers with required thickness ratios were rolled together. 

The rolled pair was cut, stacked and re-rolled. The process was repeated until the required ratio of 

plasticine to silicone putty along with the desired number of layers and thicknesses were attained. 

Different stratigraphic units were prepared the same way. Once the units were ready they were 

stacked on an aluminum base plate, which is made up of a number of sheets bolted together. 

Therefore, the sheets of the base plate can be disassembled so that the model can be cut in 

transverse cross-sections (perpendicular to the strike of the model structures) for observation, at 

different deformation stages.  

 The centrifuge machine at Queen’s University Experimental Tectonic lab is capable of 

producing acceleration as high as 20,000g and also the machine has the capacity to hold 

specimens of 76X127 mm in plan and up to 50 mm (but typically 5-10 mm) in depth.  
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 The models were subjected to horizontal compression by a “hinterland wedge” of 

plasticine, created at the analog north (Fig. 4.2). Under high a g value, the wedge collapses and 

spreads laterally causing the horizontal strata to accommodate shortening in sequence from 

hinterland to foreland. Each model was deformed in a number of stages, numbered with Roman 

numbers (stage I, II, III etc.). The outward-directed radial centrifugal force field simulates the 

Earth's inward-directed gravitational field. After each stage, the wedge was reconstructed to 

restore its gravitational potential for a successive stage of shortening. Moreover, the top of the 

models were observed during deformation through a TV connected by a closed-circuit camera, 

attached to the centrifuge machine. 

 

 

Figure 4.2. Schematic diagram of model assembly for fold-thrust modelling in the Queen’s 
centrifuge. The basement block is composed of aluminum plates, each 3 mm thick, 
which can be separated so that the model can be cut into transverse serial sections at 
that spacing. Shortening of the foreland stratigraphic succession is caused by the 
gravitational collapse of the hinterland wedge (Dixon, 2004). 

 

 During this study, 63 models were constructed and run at an acceleration of 4000g to 

investigate the influence of mechanical stratigraphy and structural style of the Salt Range and 
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Potwar Plateau (SR/PP). The first series of models (SF1 to SF20) was used to learn the rolling 

technique. The second series of models (SF21 to SF36) was used to select plasticine with the 

appropriate competency for the model units of the prototype, and also to obtain accurate model 

thickness ratios closely representing the prototype and to understand the interplay between folds 

and faults. The rest of the model experiments (SF37 to SF63) were conducted to investigate 

several different aspects of the prototype. The models were typically repeated two to three times 

to test the reproducibility of the models. Among 63 models only selected models are presented in 

the body of the thesis. These models were reproducible after repetition and closely resembled the 

structural style in the prototype. Some additional models that are not discussed in detail in the 

body of thesis are shown in appendix A.  

 In all models the wedge began to fail during run-up phase (170 seconds) as the rate of the 

centrifuge increased. Once the set speed and desired acceleration level (4000g) was reached it 

was held for 300seconds while the hinterland wedge collapsed (this constitutes a “stage” of model 

shortening). Then the centrifuge decelerated to stop (~ 250 seconds). This timing applies to all 

“stages” of the models in this thesis. 

 

4.3.3. Scaling 

 Table 4.1 lists the model scale ratios applicable to models SF1-SF20. The models were 

constructed at a nominal linear scale ratio of 1mm=1km (1x10-6). Other key model ratios i.e. 

density, time (strain rate) and acceleration (4000g level for the centrifuge) are set by the 

properties of the prototype and model materials as shown in Table 4.1.  

4.4. MECHANICAL STRATIGRAPHY 

 The first phase of the model study was aimed at developing a model mechanical 

stratigraphy that adequately represents the mechanical stratigraphy of the SR/PP. The term 

mechanical stratigraphy describes the relative strength or competency of stratigraphic units  
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Table 4.1. Scale ratios applicable to models SF1-SF20. 

QUANTITY MODEL RATIO EQUIVALENT SCALE 
Length lr =1 x 10-6 1mm in model=1 km in prototype 
Specific gravity ρr = 0.6 1.60 in model=2.67 in prototype 
Acceleration ar = 4000 or 4.0 x 103 4000 g in model = 1 g in prototype 
Time tr = 1.0 x 10-11 1 hour in model = 11.5 Ma in prototype 

Stress σr = lr ρr ar = 2.4 x 10-3 Derived from length, specific gravity, and 
acceleration ratios 

Viscosity µr = σr tr = 2.4 x 10-14 Derived from stress and time ratios 
 

present in the stratigraphic succession, and in some cases involves grouping adjacent units into 

discrete intervals that are mechanically comparable even though lithologically and 

chronologically distinct. The strength/competency of mechanical unites depends on their 

lithologic composition and bedding character. 

 A generalized stratigraphy of SR/PP based on well data is summarized in Table 2.1. For 

the purpose of modelling, the SR/PP stratigraphy has been grouped into four mechanical units 

from bottom to top, the Salt Range Formation, carapace (Cambrian-Eocene platform sequences), 

Rawalpindi Group (RG), and Siwalik Group (SG). In the SR/PP, the thicknesses of these units are 

variable (see table 2.1); therefore average thicknesses of 1km, 0.5km, 2km and 2.5km have been 

assigned to the Salt Range Formation, carapace, RG and SG respectively. To simulate the 

evolution of SR/PP at least 36 trial models were constructed and subjected to conditions 

simulating the tectonic setting, until a close model stratigraphy was accomplished. In these 

models, the bulk strength of the model Salt Range Formation and carapace units were kept 

constant while for the RG and SG, various ratios (plasticine : silicone putty) were tried (Table 

4.2) until appropriate bulk competencies and structural style were achieved. The initial 

configuration of the model stratigraphy of the models is shown in Figure 4.3. The overall total 

thickness of the model units is 6mm. 
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Figure 4.3. Mechanical stratigraphy used in the trial models (SF1-SF20), with a single lamina of 
silicone putty at the base representing the Salt Range Formation (0:1, 
plasticine:silicone putty) and a lamina of plasticine above it is the carapace (1:0). 
There are 16 laminae in each of the units representing the Rawalpindi (5:1) and 
Siwalik (2:1) groups. Note that the diagram has different vertical and horizontal 
scales. The dimensions refer to the overall thickness and length of the model 
foreland. It is a schematic representation of the model series SF1-SF20. 

 

4.4.1. Model Series SF1- SF20 

 Table 4.2 provides the construction details of models SF1-SF20. All these models 

developed only harmonic detachment folds. These models were built with different plasticine 

colours to select suitable colours of plasticine for each of the model units because the different 

colours of plasticine have small but noticeable differences in strength and mechanical behaviour. 

The model SF13 is taken as an example here among the many trial models carried out to establish 

the mechanical stratigraphy of SR/PP. Model SF13 was subjected to four stages of deformation.  

Table 4.2. Summary of units and ratios used in models SF1-SF20. Note different model ratios 
were tried for RG & SG model units. 

Unite Name 
Ratio of thickness of 
Plasticine:Silicone 

Putty Laminae 

Final 
Thickness of 
Unit (mm) 

Colours of 
Plasticine 

Total 
Number of 

Layers 
Siwalik Group 3:1, 2:1 and 4:1 2.5 Red 8/16 

Rawalpindi Group 3:1 and 5:1 2.0 Green 8/16 

Carapace 1:0 0.5 black 1 

Salt Range Formation 0:1 1.0 -------- 1 
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 The larger number of thinner laminae (Siwalik and Rawalpindi) in the model SF13 as 

compared to model SF1 (Appendix A) reduced the bulk strength of the model, which 

consequently developed shorter-wavelength folds. 

 In the first stage, two anticlines with intervening synclines were formed adjacent to the 

front of the hinterland wedge parallel to the front of the spreading wedge (Figures 4.4 and 4.5). At 

stage I the deformation is concentrated to the front of the hinterland wedge and at the end of the 

foreland (as seen in map view of Fig. 4.4). An anticline and a syncline formed at the far end of 

the foreland initiated from the boundary effect. This fold train actually propagated backwards 

towards the hinterland.  

 

 

Figure 4.4. Surface of model SF13 at Stage I, showing folds parallel to the spreading wedge. 
2x2mm grid on the surface of the model is used as a strain marker. The label 
measure 10 mm x 10 mm. (Note: The Roman number refers to model stage). Fold 
structures at the foreland end of the model (right) can be attributed to boundary 
effects from the rigid wall of the model chamber. To enhance the surface relief the 
model is illuminated from the left (model “north”).  

 

 By stage II the buckling had propagated across the full width of the model foreland, but 

in fact this occurred by propagation in a prograde direction in front of the hinterland wedge and in  
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a retrograde direction at the foreland end of the model. In stages III and IV the amplitude of the 

buckle folds increased as the shortening accumulated. Figure 4.6 shows selected transverse 

(cross-strike) sections of model SF13 at four successive stages (I-IV) of shortening. The folding 

that initiated at the foreland end from the boundary effect actually propagated backwards towards 

the foreland. Due to this effect in stage II, both hinterland and foreland ends are folded but the 

middle part is undeformed. 

 From stage II, III, and IV, the folds within the model carapace tend to be upright and 

concentric, while structures in the model RG and SG units are characterized by gravitational 

collapse and spreading from the crests of anticlines into the core of the adjacent synclines. 

Therefore, the surface of the model changed from rounded to flat-topped/kink anticlines. The 

silicone putty representing the Salt Range Formation has moved laterally from beneath the 

synclines into the cores of the adjacent anticlines. The wavelength of the folds is in the range of 

6-8 mm and the amplitude is 2mm, representing a prototype wavelength of 6-8 km and amplitude 

of 2km. These values are close to the observed wavelength (8-10 km) in the Potwar Plateau 

(Pennock, et al., 1989; Jadoon, et al., 1997; Jaswal et al., 1997; Grelaud, et al., 2002).  

 Symmetrical folds without any preferred vergence is the characteristic pattern of folding 

that can be observed in a compressional belt with an underlying very weak decollement unit, e.g. 

salt (Davis and Engelder 1985). Similar observations have been made in these preliminary model 

results. Furthermore, the folds in the models are harmonic as there is no intervening weaker 

decollement at a higher level (Fig. 4.6). Clearly the Salt Range unit in the models localized a very 

pronounced low-strength decollement (as shown by the upright orientation and the very rapid 

lateral propagation of the foreland folding), and some of the folds exhibit abrupt plunge-out along 

strike. In this regard the models bear crude resemblance to the SR/PP. The relatively low taper 

angle (α + β) in the initial stages of the models (0.1o – 0.2o) is consistent with the low (<1o) taper 

angle (α + β) of SR/PP (Davis et al., 1985), where α is the slope of the top of the wedge and β is 

the slop of the basement (Davis et al., 1983; Dahlen et al., 1984). Generally during the sequence 
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of deformation from hinterland to foreland, the initially horizontal stratified sedimentary package 

develops a cross-section with wedge a shape geometry (Davis et al., 1983; Dahlen et al., 1984). In 

theory, the wedge will deform internally until a critical taper value is achieved, after which the 

wedge slides stably without continued internal deformation (Davis et al., 1983). If new material is 

added to the toe of the wedge during stable sliding, it will reduce the taper value and the wedge 

has to deform internally to re-acquire the critical taper (Davis et al., 1983). The Coulomb wedge 

model suggested by Davis et al. (1983) and Dahlen et al. (1984) assumes that the entire wedge is 

composed of non-cohesive Coulomb material that is mechanically homogenous and isotropic. A 

critical taper signifies an internal stress condition where material everywhere within the wedge is 

on the verge of brittle failure (Davis et al., 1983; Dahlen et al., 1984). 

 

4.4.2. Model series SF21- SF37 

 In order to incorporate the above facts and to simulate better similar structures in the 

model that can be observed in SR/PP, the mechanical stratigraphy of Salt Range Formation and 

molasse sediments (Rawalpindi and Siwalik Groups, RG and SG) were modified keeping in view 

the mechanical composition of the prototype units in the SR/PP (Table 2.1). 

 The silicone putty used to represent the Salt Range Formation in models SF1-SF20 was 

observed to be too ductile to create thrusting. Table 2.1 and the description in section 2.2.2 shows 

that the Salt Range Salt Range Formation is not pure salt but also contains some dolomite, 

gypsum, shale and Khewra trap (volcanic rocks). To take these lithological components into 

account, the model Salt Range Formation unit was modified by including some plasticine 

laminae. The new ratio of plasticine and silicone putty to closely represent the Salt Range 

Formation is 1:2, which made it relatively stronger than the previous ratio (0:1) used in models 

SF1-SF20.  
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 The carapace unit is a platform sequence dominated by limestone and sandstone and was 

simulated with a model unit composed of solely of plasticine (i.e. a plasticine/silicone putty ratio 

of 1:0). 

 The RG rocks have approximately equal amounts of sandstone and clay with a minor 

amount of conglomerate. Based on the sandstone and clay ratios, the ratio of plasticine:silicone 

putty was adjusted to 1:1. In the middle part of the RG there is a weaker clay unit which acted as 

an upper detachment level in SR/PP (Jaswal et al., 1997). To achieve a weak horizon within the 

RG, two silicone putty layers were flipped face-to-face in the last doubling before rolling during 

assembly of the model. 

 The Siwalik Group is dominantly sandstone with some clays and conglomerate. Though 

SG is dominantly comprised of sandstone, in establishing the mechanical stratigraphy of the 

model SG, the minor content of clay was also considered. Due to high ratio of sandstone, it is 

represented by a 2:1 ratio of plasticine:silicone putty (strong). The final thickness and other 

construction details of the models are given in Table 4.3. 

Table 4.3. Summary of the units and ratios used to model the mechanical stratigraphy of the Salt 
Range and Potwar Plateau in model SF21 – SF37. 

Unite Name 
Ratio of thickness of 
Plasticine:Silicone 

Putty Laminae 

Final 
Thickness of 
Unit (mm) 

Colours of 
Plasticine 

Total 
Number of 

Layers 
Siwalik Group 2:1 1.68 Red 16 

Rawalpindi Group 1:1 1.34 Green 7 

Carapace 1:0 0.33 
Yellow/black

/white 
3 

Salt Range Formation 1:2 0.67 Red 4 

 

 In the adjusted new model ratios, the molasse units (RG and SG) are weaker than in the 

model series SF1-SF20, while the model unit of Salt Range Formation is slightly stronger. The 

initial configuration of the model stratigraphy of the SR/PP as represented in models SF21-37 is 

shown in Figure 4.7.  
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 Changes were made in the final thickness, by rolling down the 6mm thick package of 

units in models SF1-SF20 to 4mm (Table 4.4). The change was made in order to overcome the 

effect of the rigid vertical wall of the model chamber which acted as a buttress and resulted in 

deformation concentrated at the foreland of the models (Fig. 4.4). As such, the linear scale ratio 

has been decreased to 0.67mm=1km as the model thickness was reduced from 6mm to 4mm. The 

net effect of this change is that the model represents a wider area in the prototype. 

 

 

Figure 4.7. Mechanical stratigraphy used in model series SF21-SF37. The figure is schematic; 
the vertical and horizontal dimensions refer to overall dimension of the model 
foreland. 

 

Table 4.4. Scale ratios of models applicable to models SF20-SF37. 

QUANTITY MODEL RATIO EQUIVALENT SCALE 

Length lr =0.67 x 10-6 0.67mm in model=1 km in prototype 

Specific gravity ρr = 0.6 1.60 in model=2.67 in prototype 

Acceleration ar = 4000 or 4.0 x 103 4000 g in model = 1 g in prototype 

Time tr = 1.0 x 10-11 1 hour in model = 11.5 Ma in prototype 

Stress σr = lr ρr ar = 1.6 x 10-3 
Derived from length, specific gravity, and 

acceleration ratios 

Viscosity µr = σr tr = 1.6 x 10-14 Derived from stress and time ratios 



 68 

 Based on results of some trial models, a further change was made in the model assembly: 

the front of the hinterland wedge was cut with a slope of 20o (Fig. 4.8). This change was made for 

two reasons: the sloping geometry avoids the tendency of vertical wedge front to act like a rigid 

bulldozer pushing against the full depth of the foreland sequence, and it represents better the 

northern margin of the SR/PP which is marked by the Main Boundary Thrust that overrides the 

SR/PP at a shallow dip angle.  

 

 

Figure 4.8. Schematic sketch of models assembly (SF23-SF63) with the hinterland wedge cut at 
an angle of 20o to represent the Main Boundary Thrust overriding the foreland strata 
of Salt Range and Potwar Plateau. Dimensions in mm (figure is not to scale).  

 

 Experimental results of Model SF33 are shown in Figs. 4.9, 4.10 (top surfaces) and 

4.11A (representative transverse sections at stages I to IV). The transverse section at stage I 

shows that a prominent fold which developed at the surface close to the hinterland is the 

structural manifestation of a detachment fold developing in lowest weaker layer. Detachment 

folds usually develop above a ductile detachment horizon and lateral displacement diminishes to 

zero beneath the fold in the foreland direction (Jamison, 1987). In the model, new detachment 

folds are seen to have formed in sequence towards the foreland in the subsequent stages of 

deformation, while the existing detachment folds not only grew in amplitude but at the same time 

started to transform into fault-propagation folds as foreland-verging thrust faults started to cut 

across the lower part of the carapace model unit. A fault-propagation fold (FPF) developed above  
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Figure 4.9. Vertical view of the top surface of model SF33 after the first stage of shortening. 
Shortening is achieved by collapse and spreading of a passive wedge of plasticine 
from left to right (north to south). A continuous fold trends parallel to the front of the 
spreading wedge and small doubly plunging folds extend some distance from the 
wedge across the foreland.  

 

 

Figure 4.10. Vertical view of the top surface of model SF33 after the fourth stage of shortening. 
Folds are continuous parallel to the spreading wedge. The deformation is well 
distributed throughout the model in front of the spreading wedge. To enhance the 
relief the model is illuminated from the left (model north). 
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a ramp with displacement diminishing to zero along the ramp region beneath the fold (Jamison, 

1987). In the models, usually the lower part of the competent carapace unit above the lowest 

weak horizon strata involved in folding was truncated against the thrust faults. As the 

displacement along the propagating faults increased at later stages, the fault-propagation folds 

(FPFs) transformed into fault-bend folds (FBFs) once the faults cut completely cutting across the 

competent carapace unit and propagated into the upper weaker horizon forming ramp-flat 

geometry. 

 The model demonstrates an evolutionary relationship between folds and thrusts as the 

lower part of the carapace with low-amplitude folds (DFs) is displaced by a propagating thrust 

ramp and the folds become FPFs, which grow in amplitude as the fault propagates. With 

continued displacement the fault cuts completely through the carapace model unit and joined into 

an upper detachment within the Rawalpindi Group model unit. The thrust fault followed a flat-

ramp-flat transect along with the transformation of FPF into FBF geometry. Similar interplay 

between folds and thrust faults was also observed by Liu and Dixon, (1990), Dixon and Tirrul, 

(1991), and Dixon and Liu (1992). 

 Fault-bend folds are more prominent in the northern part of the models (close to the 

hinterland). Thrust faults dipping at shallow angles of 20o-25o can be more clearly observed close 

to the hinterland in model SF-29 at stage IV (Fig. 4.11B). The two model examples (SF33 & 

SF29) also show that toward the foreland end of the model, pop-ups (bounded by foreland- and 

hinterland-dipping blind thrusts), grabens and back-thrusts are developed. The thrust faults close 

to the hinterland verge preferentially towards the foreland while those near the foreland end verge 

toward both hinterland and foreland.  

 The model molasse units (RG & SG) responded to the shorting by folding only. The folds 

within the upper strong competent unit are fairly upright with minor foreland vergence. The folds 

show overall concentric geometry but similar folds also developed with thick hinges and thin 

limbs. The similar folds may be the result of shearing of a weak layer of silicone putty between  
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Figure 4.11. (A) Transverse sections of model SF33 at stages I, II, III and IV and (B) transverse 
section of model SF29 at stage IV. The models show different mechanisms of 
accommodation of deformation above and below a weaker layer within the model 
Rawalpindi Group. This differential shortening created disharmonic structures.  
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adjacent strong plasticine layers. The final amplitudes and wavelengths of the folds in models 

SF29 and SF33 are in the range of 2.5 and 3.0 mm respectively. During the initial stages 

harmonic folds developed above the lower model Salt Range Formation unit. However, at higher 

stages the folds above the upper detachment in the model Rawalpindi unit show slight 

displacement toward the foreland. The model carapace unit is fault-dominated while above the 

upper detachment the model molasse shows only folding. These observations suggest that two 

different mechanisms operated at the same time to accommodate the similar deformation in the 

model. Above the upper detachment, shortening is accommodated by folding while between the 

upper and lower detachments a similar amount of shortening is accommodated by thrust faulting 

with associated fault-propagation folding. The different style of shortening is creating a “blind 

duplex” with lower and upper detachments in the weak layers. The plasticine layer close to the 

upper weak horizon is highly deformed indicating displacement along thrust faults have been 

transferred to folding at higher stratigraphic level. 

 These model results are reasonably consistent with the interpretation of structural style of 

northern and eastern SR/PP (Figure 4.12A). The northern part of the models is characterized by 

foreland-verging thrust faults similar to the interpretation of Jaswal et al. (1997). Comparison of 

the hinterland part of model sketch (4.12A) and the interpretation of Jaswal et al. (1997) (Fig. 

4.12B) shows a close resemblance in the style of deformation, foreland-verging structures, fault-

propagation folds, and thrust faults initiating within the lower weaker detachment and cutting 

across the strong carapace and again continuing parallel to the upper weak layer in the model RG 

forming a “blind duplex” geometry. The structures in the hinterland region of model SF29 (Fig. 

11B) also bear striking resemblance to the Northern Potwar Deformed Zone. 

 Comparison of the central and far foreland parts of the model with the interpretation of 

the eastern PP (Pennock et al., 1989) shows that the structure is characterized by both foreland- 

and hinterland-dipping blind thrusts, grabens and some fault-propagation folds (Fig. 4.12C). Both 

in themodel and prototype the Salt Range Formation, acting as a lower detachment, is mostly  



 73 

 
 

 

 

 

 

 

Figure 4.12. (A) Sketch of model SF33 after stage IV, showing difference in the style of 
deformation in the hinterland and foreland parts of the model. (B) Cross-section 
from the Northern Potwar Deformed Zone (Jaswal et al., 1997). (C) Cross-section 
across the Eastern Salt Range (re-drawn after Pennock et al., 1989), showing the 
distribution of deformation across the area, lack of dominant vergence, tightly 
folded anticlines and open synclines, similar to the deformation that can be 
observed in central and foreland parts of the model sketch A. NPDZ = Northern 
Potwar Deformed Zone, SR/PP = Salt Range and Potwar Plateau.  

B 
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depleted from beneath open synclines and has moved into the cores of tight anticlines. The 

structures do not have any specific vergence. It can also be observed from the model that the 

faults originate within the Salt Range Formation, cutting at low angle across the carapace and 

dying within the lower part of the molasse sediments. The models have cross-sectional taper 

between 0.1o-0.3o, which is also consistent with the cross-sectional taper of the SR/PP α + β < 1o 

(Jaume and Lillie, 1988; Pennock et al., 1989; Lillie et al., 1994). 

 

4.5. SUMMARY 

 From the above modelling, it can be concluded that the mechanical stratigraphy and the 

presence of upper and lower detachments exert significant control on the structural style of 

SR/PP. The preferred vergence of structures toward the foreland in the Northern Potwar 

Deformed Zone may be caused by the overriding Main Boundary Thrust. In the models this is 

simulated by proximity of the hinterland wedge with its sloping boundary. The low cross--

sectional taper values of the SR/PP and the models and development of symmetrical folds are the 

result of the low basal friction (Salt Range Formation unit). 

 The modelling observations lead to the conclusion that the strength of the Salt Range 

Formation has a major influence on the structural style of the SR/PP. A ductile pure salt horizon 

represented by silicone putty is not able to nucleate faults that cut across the strong overlying 

competent carapace unit. The models also illustrate well the phenomenon of interplay among 

detachment, fault-propagation and fault bending folds. A similar evolution of model fold-thrust 

belts was noted by Liu and Dixon (1991) and Dixon and Liu (1992). This suggests that structures 

in the northern Potwar Plateau and eastern SR/PP may have gone through similar stages of 

evolution. 

 The results of the modeling described above demonstrate that analog centrifuge modeling 

is capable of reproducing the general characteristics of the structural style of the SR/PP. This 



 75 

work provides a basis for investigating some specific attributes of this region, such as major ramp 

systems and variations in decollement. The following chapter 5 addresses the role of these 

parameters in the variation of structural styles that can be observed in the SR/PP.  
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Chapter 5 

PHYSICAL MODELLING OF THE SALT RANGE AND THE 

POTWAR PLATEAU 

 

5.1. INTRODUCTION 

 This chapter investigates the possible role of ramp systems and weak detachment on 

SR/PP evolution through centrifuge modelling. The first part of the chapter delineates the role of 

the frontal ramp system in the centre of the SR/PP. The second part discusses the results of 

modelling used to evaluate the role of the frontal and lateral ramp system in the contrasting 

structural style across the central and eastern SR/PP. In the third part, modelling investigates the 

basement ridge in the western SR/PP, the surface expression of which is marked by the Kalabagh 

dextral strike slip fault. The fourth part elucidates the evolution of Northern Potwar Deformed 

Zone (NPDZ) through centrifuge modelling, in essence to address the controversy related to the 

evolution of the NPDZ over frictional or ductile substrata. The final section concludes the results 

of the study. 

 

5.2. CENTRIFUGE MODELLING OF THE RAMP SYSTEM IN SALT RANGE AND 

POTWAR PLATEAU 

 In order to investigate the effect of the frontal, lateral and oblique ramps or basements 

faults of specific geometry on the evolution of a fold-thrust belt, the geometry of the ramp system 

had to be developed manually during construction of the centrifuge models. The geometry in 

Figure 5.1(a) is intended to model the ramp geometry of the central SR/PP; 5.1(b) to model the 

central and eastern SR/PP; 5.1(c) is constructed to model the two frontal ramps in the central 

SR/PP and Surghar Range connected by oblique ramp underlying the Kalabagh Fault Zone; and 



 77 

5.1(d) to model the NPDZ over a frictional substratum. This method of building models with pre-

cut ramps is the same as that used by Dixon et al. (1998) and Dixon and Spratt (2004), but in the 

present study the pre-cut ramp has a small offset that simulates a normal fault. 

 

 

Figure 5.1. Schematic plan views of the model configuration showing positions of ramp systems 
to model (a) the southern Salt Range and Potwar Plateau central area, (b) the eastern 
and central Salt Range and Potwar Plateau, c) to model western and central Salt 
Range and Potwar Plateau, and (d) the Northern Potwar Deformed Zone (NPDZ) 
over a frictional substrata. Light black lines show positions of transverse (north-
south) sections to be cut at 3mm spacing after deformation. Top of the ramp is 
represented by heavy solid line and the bottom of the ramp by heavy dashed line. 
Units of model Salt Range Formation, carapace, and lower part of the Rawalpindi 
Group are cut by thrust ramp system.  

 

 The required ramp system or topography in the footwall (Fig. 5.1) was created by using 

white plasticine 1.2mm in thickness. In the footwall of the ramp system the Salt Range Formation 

and Rawalpindi Group model units were reduced in thickness by half and replaced with a similar 

thickness of plasticine, such that the footwall and hanging wall have uniform thickness overlain 
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by a continuous model unit of Siwalik Group of uniform thickness. In models used to investigate 

the role of frontal, lateral, and oblique ramps, the overall thickness of the models was kept at 

5mm. As such, the new linear scale ratio is 0.83 mm = 1km (0.83 x 10-6) in these models. The 

desired ramp system was achieved by cutting and then assembling the hanging wall and footwall. 

Usually the frontal, lateral and oblique ramps were cut at a dip of ~20o. The surface of the 

discontinuity was coated with petroleum jelly in order to prevent the assembled hanging wall – 

footwall contact from adhering. The units of the cover sequence representing half of the 

Rawalpindi Group (0.78mm) and the Siwalik Group (full thickness, 2.31mm) were prepared 

separately and then stacked together to attain a combined thickness of 3mm. In the final assembly 

of the models the 3mm units of Rawalpindi and Siwalik groups were stacked over the hanging-

wall and footwall of the pre-cut ramp system.  

 

5.2.1. FRONTAL RAMP-CENTRAL SR/PP  

 A series of models was designed to initiate a frontal ramp with the initial configuration as 

shown in Figures 5.1a and 5.2. This configuration is analogous to the basement step in the south 

central part of the SR/PP (Lillie et al., 1987; Baker et al., 1988) (Fig. 1.5). 

 

 

Figure 5.2. Transverse section of the Model SF 47 at stage 0 with a precut geometry of a north-
dipping normal fault. The lowest model unit (alternating red plasticine and silicone 
putty layers (1:2) represents the Salt Range Formation; above it the yellow and black 
plasticine represent the carapace (1:0), the green plasticine with alternating layers of 
silicone putty (1:1) represents the Rawalpindi Group; and the red plasticine with 
alternating layers of silicone putty (2:1) represents the Siwalik Group. The thick 
silicone putty layer within the Rawalpindi Group model unit replicates the upper 
detachment within the Rawalpindi Group in the prototype. 
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5.2.1.1. Surface Structures and Transverse Serial Sections 

 Figure 5.3 shows the development of the surface structures associated with a frontal ramp 

in the model SF47, through stages I, II and III. The transverse sections of the model SF47 (Fig. 

5.4) show that the deformation in the hanging wall of the main thrust ramp is accommodated by a 

combination of thrusting, folding, and layer-parallel shortening. The pre-assembled normal fault 

was readily reactivated as a thrust fault during the initial stage of compression and translated the 

overlying units as a large slab along a major thrust fault over the frontal ramp at higher stages 

(Fig. 5.4a, b, c & d). 

 During stage I, a prominent linear ridge developed over the frontal ramp. This ridge is the 

surface expression of a ramp anticline growing over the frontal ramp (Fig. 5.4). A pair of folds 

with significant width and height is also developed close to the spreading wedge. In transverse 

section (Fig. 5.4a), these folds have the characteristics of detachment folds (DF). In between the 

wedge-front folds and the ramp anticline, the surface is marked by small ridges and troughs 

trending E-W with almost linear horizontal hinges. A few of the smaller folds show minor 

curving in their horizontal hinges. The minor folds are the surface expression of buckling within 

the model units of upper the Rawalpindi and Siwalik groups above the upper detachment level 

(Fig. 5.4). The transverse section at Stage I (Fig. 5.4a) shows that the thrust sheet was translated 

coherently along the lower detachment of the model unit representing the Salt Range Formation 

and underwent fault-propagation folding (FPF) over the pre-cut frontal ramp (Fig. 5.4a). The FPF 

developed as the leading tip of the thrust fault propagated upward through the carapace unit of the 

model. Minor deformation can be observed in the central part of the model above the upper 

detachment within the molasse units of the model.  

 In stages II and III (Figs. 5.3a, 5.3b and 5.4b-d), the linear ridge over the frontal ramp 

grew in width as the wavelength of the ramp fold increased during progressive shortening. The  
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Figure 5.3. Top surface view of the Model SF47 (illuminated from north to enhance the surface relief) at stage I (a), stage II (b), and stage III (c). 
White dashed lines in (c) show the traces of thrust faults on the model surface. The black dashed lines in a, b, and c mark the positions 
of transverse section shown in Figure 5.4a, b, c and d. 
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Figure 5.4. Selected transverse section of the model SF47 at Stage I (a), II (b), III (c) and III (d). The blue dashed and continuous line shows the 
trace of the thrust fault. The black dashed rectangle area in “a” outlines a portion of the model with close resemblance to the prototype 
(Fig. 5.6). The back dashed rectangle in “c” delineates thrust-dominated area close to the hinterland and the location of line drawing in 
the Figure 5.26. TF1 shows thrust fault 1, TF2 thrust fault 2, and TF3 thrust fault 3. Positions of these transverse sections are marked 
on Figure 5.3. NPDZ = Northern Potwar Deformed Zone. 
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other major folds close to the hinterland also increased in width and new ridges developed next to 

them towards the foreland almost parallel to the spreading wedge (Fig.5.3b and c). 

 The individual minor folds increased in length simultaneously along their hinges until 

they encountered another fold, creating an en-echelon pattern. This pattern of elongated and 

doubly plunging folds can also be observed in SR/PP (Fig. 3.7). En-echelon patterns with right 

and left stepping were also observed in models by Liu and Dixon (1990), Dixon and Liu (1991), 

and Dixon and Liu (1992). They reasoned that this pattern develops as folds nucleate at isolated 

points and propagate along their hinges in both directions until they encounter other folds.  

 In Model SF47 (Fig. 5.3) at the higher stages II and III, deformation also propagated 

beyond the frontal ramp, creating small doubly-plunging folds arranged in an en-echelon pattern 

similar to those observed in the stage I between the frontal ramp and the hinterland ridges. The 

two zones have similar fold patterns, which are the surface expression of folds developing only 

above the upper detachment within the molasse unit of the model. The large, comparatively high-

relief ridges close to the spreading wedge are directly developed over fault-propagation folds 

(FPFs) initiated within the model unit of the Salt Range Formation. Two gently curving narrow 

troughs in front of the FPFs are the surface expression of listric axial surface analogs for the 

foreland-verging thrust faults (Fig. 5.4). These analog thrust faults have a shape and sense 

compatible with thrust displacement. A more prominent linear, tightly closed syncline 

immediately in front of the ramp anticline is also the surface trace of another analog thrust fault 

(Fig. 5.3c). During stages II & III, the coherent translation continued, which not only increased 

the width of the ramp fold but also transformed the FPF into a fault-bend fold resulting in the 

duplication of carapace units of the model (Fig. 5.4b, c & d). The earlier two DFs close to the 

hinterland transformed into FPFs as the two faults cut the lower part of the model carapace unit. 

The two FPFs have typical vergence toward the foreland. The molasse units of the model above 

the upper detachment are deformed independently by buckling only. The disharmonic structures 

in the model developed due to the presence of two detachment levels. Folds above the upper 
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detachment show translation toward the foreland. Moreover there is also indication of initiation of 

analog thrust faults from the cores of synclines in the model Siwalik Group unit without any 

visible displacement. The Rawalpindi Group unit of the model below the upper detachment close 

to the hinterland is highly internally deformed by layer-parallel shortening and buckling. Towards 

the foreland side of the FBF the deformation is restricted to the model molasse sediments, while 

the lower units of the model Salt Range Formation and carapace remained un-deformed.  

 The synclines in front of the FPFs show thrust faults cutting across the carapace, the 

traces of which can also be followed along the higher stratigraphic level (see Fig. 5.4c). Thrust 

fault 1 close to the hinterland has high dip as compared to thrust fault 2, with a listric trace 

becoming almost horizontal at lower level. This indicates the decreasing intensity of deformation 

toward the foreland. In the transverse section 28 (Fig. 5.4c) has three prominent thrust faults after 

stage III as compared to section 52 (Fig. 5.4d), which show two FPF’s with very minor 

displacement along their overturned limbs. This observation illustrates the variation of structures 

along strike. This may be analogous to variation in deformation style of the NPDZ along strike 

from an emergent thrust front in the west to a buried thrust front in the east (Jaswal, et al., 1997). 

The suspected propagation of these faults through the higher model units of carapace and molasse 

can be easily traced towards the surface, while on the surface their expression is marked by a 

prominent very narrow linear trough (Figure 5.4b and c). 

 Transverse sections show that these faults are imbricated thrust faults (more prominent in 

Figure 5.4c), terminology used by Boyer and Elliot (1982), and McClay (1992), to describe a 

branching array of thrust faults that do not join an upper detachment and are subsequently 

exposed by erosion. A similar imbricate stacking can also be observed at the Northern Potwar 

Deformed Zone of the SR/PP (Fig. 5.5). 

 At the forelimb of the culmination structure (FBF) in model SF47, shortening is 

transferred to a thrust fault, the trace of which can be followed in the higher units of model 

molasse sediments and the surface expression of which is marked by a very narrow synclinal  
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trough (Fig. 5.3a, b & c). The model carapace unit between the frontal ramp and spreading wedge 

exhibits very minor buckling (Fig. 5.4). 

 The model results closely replicate the structural interpretation of the central SR/PP as a 

FBF developed over a frontal ramp above a basement fault (Fig. 5.6). The transverse sections of 

the model SF47 (Fig. 5.4) show a prominent FBF (with kink geometry) developed over the 

frontal ramp and a synclinal structure toward the hinterland (Fig. 5.4a). The model units in the 

crest of the FBF are almost horizontal. The folds within the model molasse sediments are upright 

with kink geometry. Most of the shortening in the model is accommodated along the FBF. It can 

also be observed from the model results that the model’s lowest ductile unit has flowed into the 

core of FPFs at the hinterland and as well as by development of FBF over the frontal ramp 

repeating the strata by thrusting. The pre-cut normal fault facilitated ramping in the model. The 

presence of the ramp system allowed the emplacement of the model units over the frontal 

footwall ramp. The model results suggest that a similar mechanism may be responsible for the 

emplacement of the SR/PP over the Punjab plain. Unfortunately, the timing of tectonic evolution 

of the SR/PP cannot be determined from the models results. However, it can be observed from the 

model that in the presence of a basement step, deformation will be readily transferred to the ramp 

region. As a result the FBF over the ramp will form out-of-sequence. The model SF47 supports 

Burbank and Beck’s (1989) concept of late Miocene thrusting over a pre-existing normal fault at 

~5Ma. Both in the model (with exception of molasse model units above the upper detachment 

level) and the prototype, the central part shows very minor deformation.  

 The geometry of the FBF in the prototype is slightly different from the FBF observed in 

the model. In the Salt Range prototype, the foreland-dipping limb of the FBF is not completely 

developed because the ductile behaviour of the Salt Range Formation facilitated the easy glide of 

the overlying strata as a large slab towards the surface along the Salt Range Thrust. The Salt 

Range Thrust is exposed at the southern edge of the SR/PP due to continued erosion as the 

displacement continued. However, a FPF in the model molasse unit overlies the tip of the thrust 
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that displaces the carapace unit at depth. The trace of a thrust fault at the forelimb of the FPF can 

easily be followed toward the upper molasse units of the model (Figure 5.4), following a likewise 

stair-case path similar to the Salt Range Thrust in the prototype. Both in the model and prototype, 

the thrust fault followed a path along a weak unit (Salt Range Formation) and cut at high angle 

across a strong unit (carapace and Siwalik Group). In the prototype, the main ramp, localized by 

the basement normal fault, thrust the roof sequence over the molasse and duplicated the whole 

stratigraphic section (Fig. 5.6). However, in the models the Salt Range and carapace model units 

are duplicated. Both models and prototype suggest that the overall structural style in the central 

SR has FBF geometry. 

 

 

Figure 5.6. The present fault-bend folding configuration at the southern boundary of the central 
SR/PP. Dashed detachment surface is schematic (Baker et al., 1988). See Figures 3.7 
and 5.5 for location. 

 

5.2.2. LATERAL RAMP-EASTERN SR/PP 

 Qayyum and Spratt (1998) suggested that a lateral ramp marks the structural boundary 

between the central and eastern SR/PP (Fig. 5.7). To simulate the structural style of the central 

and eastern SR/PP, a model configuration was designed with a frontal ramp connected to an east 

dipping lateral ramp as shown in Figure 5.1(b). The models are designed to document how 

motion of a thrust sheet over a frontal and a lateral ramp is accommodated by deformation in the 

thrust sheet. The model configuration of the lateral ramp is shown in the Figure 5.8. Models SF50  
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Figure 5.7. Conceptual 3-D kinematic model of the Himalayan thrust front at the east end of the 
Salt Range. In the presence of the ramp system, two contrasting mechanisms are 
accommodating comparable crustal shortening contemporaneously. Note the 
displacement transfers from one structural style to the other across the lateral ramp 
(redrawn after Qayyum and Spratt, 1998).  
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Figure 5.8. Looking northward, longitudinal section of model SF50 prior to deformation, 
showing an east dipping lateral ramp.  

 

and SF52 had the same configuration as shown in Figure 5.1(b) and they are used to get sections 

in different orientations. 

 

5.2.2.1 Surface Structures 

 Gradual nucleation and propagation of the surface structures associated with a frontal 

ramp connected with a lateral ramp in the model SF50 through stages I, II and III are shown in 

Figure 5.9. The area close to the hinterland of the Model SF50 has a long continuous ridge 

parallel to the front of the spreading wedge as in Model SF47 (Fig. 5.3). However, there is a 

major contrast in structural style between the west and east sides of the model. 

 During stage I, three wider, shorter ridges developed in the east side of the model just in 

front of the major hinterland ridge. These ridges either plunge toward the west in close vicinity of 

lateral ramp or continue further to the west with a narrower width and longer length. These 

eastern ridges are also curve slightly towards ENE in counter-clockwise sense. The narrower 

ridges in the west are not only thinner in width but almost parallel to the frontal ramp in W-E 

direction. Over the frontal ramp the major culmination structure has a wedge-shaped closure that 

plunges towards the east (all directions relative to the model hinterland being “north”).  

 In Stages II and III, the culmination structure over the frontal ramp continued to increase 

in width. In the eastern side of the model larger-wavelength ridges continue to develop in 
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sequence from hinterland toward the foreland. The ridges on either side of the culmination 

structure are almost linear and comparatively narrower. The en-echelon pattern is more obvious 

towards the north of the lateral ramp in the eastern side of the model. The lateral ramp marks the 

transition zone between wider and narrower ridges and troughs (Fig. 5.9). A general observation 

on the model surface shows that the eastern side of the model is slightly raised in the vicinity of 

the lateral ramp. Transverse sections (Fig. 5.11) show that the difference in wavelength and width 

of the surface folds is a direct reflection of the fact that the buckling in the eastern side of the 

model was harmonic above the lowest ductile unit, the model Salt Range Formation. The folds 

show a very slight displacement along the upper detachment within the model. The parallel ridges 

and troughs of shorter wavelength reflect buckling above the upper detachment level of the 

model. 

 Both on the surface of model and the prototype the en-echelon patterns of structures are 

very similar. The well-developed larger-wavelength folds in the east side of the model with slight 

change in trend of ridges and troughs from E-W to ENE are almost akin to the structures in the 

east part of the prototype (Fig. 3.7). In the eastern SR/PP, the folds trend in NE direction. 

However, the structures in the model SF50 (Fig. 5.9) a show slight change in trend (~10o) in a 

counter-clockwise direction as compared to the trends of structures in the eastern SR/PP (~30o). 

This variation in the model and prototype may be due to the fact that the sides of the model are 

always lubricated with petroleum jelly to minimize the effect of the friction of the chamber side-

walls. However, it can be inferred from the modelling that the change in orientation of structures 

in the eastern side of SR/PP was caused by different responses to accommodation of shortening 

over the frontal and lateral ramps. In the model, the corresponding eastern side in the SR/PP is 

trailing behind the western side. This happened because the deformation readily jumped over the 

frontal ramp in the centre of the model, while in the eastern side the deformation was 

accommodated by shortening close to the hinterland side simultaneously. This may be the cause 

of the counter-clockwise rotation of the structures in the eastern side of the SR/PP. The change in 
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trend of folds coincides along the lateral ramp zone in the model and prototype. Therefore, it is 

proposed that a ramp system in the prototype may have induced the rotation of structures on the 

surface in the eastern SR/PP, rather than a thinning of the salt as was proposed by Davis and 

Engelder (1985) and Butler et al. (1987). 

 The culmination structure over the frontal ramp has a narrow linear trough on its foreland 

side which is the surface expression of the main thrust fault (Fig. 5.9). The surface trace of this 

fault in the model is analogous to the surface trace of the Salt Range Thrust in the SR/PP. On the 

surface of the model, the trend of this fault changes abruptly near the lateral ramp, developing a 

left-stepping jog. This resembles the change in the trend of the Salt Range Thrust Fault near the 

Chambal and Jogi Tilla ridges with a similar left step (Fig. 5.10), although the model structure’s 

deflection is more subdued.  

 

5.2.2.2. Transverse Serial Sections 

 The general pattern of the structural evolution in the western side of the Model SF50 is 

very similar to that observed in Model SF47 and is characterized by FBF geometry developing 

over the frontal step. The progressive evolution of model SF50 in three stages is shown in Figure 

5.11. 

 In the first stage, two low-amplitude DFs developed in the west and east sides of the 

model close to the spreading wedge. In the west side of the model, deformation took place at the 

same time near the spreading wedge and over the pre-cut frontal ramp undergoing FBF. The 

frontal tip of the fault began to move upward across the model carapace unit while the frontal 

edge of the thrust sheet transformed into a FPF. 

 In stage II, the existing two DFs close to the hinterland not only grew in amplitude but 

transformed into FBFs as the thrust faults cut across the lower part of the carapace model unit and 

consequently the forelimbs of the associated folds became overturned. There is more  
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Figure 5.10. Geological map of eastern SR/PP, showing S-bend at Jalapur north of Chambal 
Ridge and Jogi Tilla (after Gee (1980) as cited in Yeats et al., 1984). For location 
see Figure 3.7. F1 and F2 are thrust faults.  
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displacement along the fault which is closer to the spreading wedge. Because of rigid translation 

in the western side of the model the thrust sheet was translated coherently over the frontal ramp 

without any significant internal deformation. 

 During stage III, the width of the FBF over the ramp increased further and displacements 

along the thrust faults in the hinterland region also increased. New foreland-dipping FPFs also 

developed in sequence towards the foreland. In the eastern side, the FPFs close to the hinterland 

completely transformed into FBFs as the thrust faults cut across the carapace model unit. The 

centre of the model in this area (eastern) is characterized by many FPFs while towards the 

foreland the folds are almost symmetrical with very little indication of back thrust in few folds. 

The model SF50 was run through three stages, instead of the four stages of models SF29 and 33, 

therefore, pop-up and pop-down structures are not prominent as that observed in the models SF29 

and 33 (Fig. 4.11). This reflects a lesser amount of overall shortening in model SF50, and hence 

the pop-up and pop-down structures are passive as compared to models SF29 and 33 which are 

more closely representative of the eastern SR/PP. 

 Transverse sections of the Model SF 50 (Fig. 5.11) show rigid translation of the thrust 

sheet over the frontal ramp. The model well demonstrates the development of FBF geometry over 

the frontal ramp. This geometry is consistent with the structural style that can be observed in the 

central SR/PP as described above (section 5.2.1). Figure 5.11 shows that in the absence of a 

frontal ramp the thrust sheet is internally deformed by folding only. The models portray that the 

deformation over the ductile substrata in the absence of such a feature (frontal ramp) is 

characterized by FPF and symmetrical folds. It can also be observed from the surface of the 

model SF50 (Fig. 5.9) that the folds on the eastern side have larger wavelength as compared to 

those on the western side. The style of deformation and the geometry of the structures observed 

model SF50 is fairly consist with style of deformation as observed in the central and eastern 

SR/PP (Fig. 4.12b, 4.12c, and 5.5 and 5.6). 
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Figure 5.11. Selected transverse section of the model SF50 at Stage I (aW and aE), II (bW and 

bE), and III (cW and cE). The superscript letters W and E  represent the west and 
east side of the model. Locations of these transverse sections are shown in 
Figure 5.9.  
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5.2.2.3. Transverse Serial Sections Adjacent to the Lateral Ramp 

 The lateral ramp was initially situated between transverse sections 36.0 and 43.0 (Fig. 

5.9c). Therefore, transverse sections 36 to 43 were cut at 1 mm spacing to observe the structural 

interaction in the transition zone between the frontal and lateral ramps and also to observe how a 

less internally deformed thrust sheet over a major thrust fault in the presence of a frontal ramp is 

transformed into a more internally deformed thrust sheet along the strike. 

 Close to the lateral ramp the thrust sheet over the frontal ramp gradually started to deform 

more internally (Fig. 5.12a and 5.12b). The displacement along the major thrust fault decreased 

due to which the core of the part of FBF in that area is more deformed as compared to the western 

side of the model (Figs. 5.12 and 5.10). As a result of this decrease in displacement along the 

major thrust fault, the two carapace model units are in direct contact (Fig. 5.12a and b). On the 

eastern sloping surface of the lateral ramp a major FBF over the frontal ramp had been 

transformed into DFs and FPF (Fig. 5.12f and g). Adjacent to the lateral ramp the lower ductile 

unit of the model has slightly thickened as compared to the rest of the model (Fig. 5.12 g and h). 

This has caused the eastern side on the surface of the Model SF50 to slightly rise as compared to 

the western side in the vicinity of lateral ramp (Fig. 5.9). This may be due the construction of 

ramp system in the west, where the thickness of model Salt Range Formation in the footwall is 

half as compared to the east. The salt horizon is about 2700m thick under the Dhurnal structural 

located in the NE SR/PP (Jaswal et al., 1997), moreover the thick Salt Range Formation in the 

east as compared to the rest of the SR/PP has provided a major decollement to the carapace units 

(Aamir and Siddiqui, 2006). Based on these observation and statements, the folded thrust sheet in 

the eastern SR/PP may have thicker Salt Range Formation as compared to the west. The model 

results and the prototype observation suggest that the eastern SR/PP may be structurally elevated 

due to thick accumulation of salt horizon. 
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Figure 5.12. Transverse sections of Model SF50 showing transition from frontal to lateral ramp. 
The dashed rectangles zone show gradually transformation of the larger fault-bent-
fold geometry into smaller fault-propagation folds from the western to eastern sides 
of the model. The dashed rectangle in the transverse section 40 (e) shows the top of 
the lateral ramp and the ramp itself lies between 40 and 42. 
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 The transverse sections close to the lateral ramp display the transformation of FBF 

geometry into DF and FPF geometry along the strike of the fold-thrust belt. The details of 

transformation of FBF geometry into FPF along the strike are not previously documented from 

the SR/PP, however, from the observations made in the transverse sections close to the lateral 

ramp in model SF50, it can be inferred that the displacement on the Salt Range Thrust fault may 

have gradually transformed into folds from west to east in the SR/PP. This observations in the 

model support Qayyum and Spratt’s (1998) interpretation that the transfer zone between 

contrasting structural styles in the central and eastern SR/PP is marked by a lateral ramp (Fig. 

5.7). The surface expression of this lateral ramp is marked by the Chambal Ridge and Jogi Tilla 

ridges (Fig. 5.11). 

 

5.2.2.4. Longitudinal Sections Across the Lateral Ramp 

 Models SF50 and SF52 had similar initial configuration and were deformed the same 

way so that they could be used to cut sections in different orientations; however, even though 

models SF50 and SF52 had similar initial configuration and shortening histories, some of the 

structures were not perfectly duplicated (compare sections 16 and 64 of model SF50 (Fig. 

5.11 CW and CE) with sections 16 and 64 of model SF52 (Fig. 5.13b). For example at the 

hinterland of model SF50 after stage III there are well-developed imbricate thrust sheets. 

However, in the model SF52 these structures are characteristically FPFs. There is also slight 

variation in the final forms of structures, which may be caused in part by minor difference in 

total shortening. Nevertheless, the overall style of deformation in the two models is 

sufficiently similar to allow correlation between cross-sections cut in different orientations 

(Fig. 13a). 

 The 3-dimensional structure in the neighborhood of the lateral ramp can be better 

understood by viewing longitudinal sections of the model SF52 (5.14) together with 



 98 

transverse sections of the model SF50 (Figs. 5.10 and 5.12). Therefore, after stage III, the 

central portion of the model SF52 was cut at 3.0-mm intervals between transverse sections 

16.0 and 61.0, in the positions as shown in the Figure 5.13 (the longitudinal sections are 

oriented looking toward the north, i.e., towards the hinterland). 

 Section 3.0 (Fig. 5.14) shows the full stratigraphic units in the thrust sheet of the 

model at the hinterland side of the frontal and lateral ramp. The lowest ductile unit shows 

variation in thickness due to internal deformation, and as a result, the overlying model 

carapace unit is very gently undulated. Note that the section is slightly oblique to the fold 

trend. In the same region, transverse sections show that Salt Range Formation and carapace 

model units were deformed by thrust faulting, and the model molasse units by folding, and 

the surface developed two linear ridges of comparatively high amplitude. 

 Sections 6.0 and 9.0 (Fig. 5.14) show elliptical/canoe shapes developed by cutting the 

overturned folds obliquely. In section 6.0, the two canoes are anticlines as the older carapace 

unit is in the centre of the structure and the younger model Rawalpindi Group unit 

engulfs/encloses the structure. The two anticlines have an intervening syncline. On the other 

hand in section 9.0, the canoe is a syncline structure as the younger model unit of Rawalpindi 

Group occupies the core of the canoe.  

 Sections 12.0-21.0 (Fig. 5.14) show intense deformation in the model molasse units. 

The anomalously thick patches of silicone putty in the model Rawalpindi Group in sections  

15.0 and 18.0 are cores of anticlines, more obvious on the surface (Fig. 5.13a). The carapace 

unit is duplicated by thrust faulting at the extreme east side (sections 15 and 18). 

 In the western portions of sections 24.0-30.0 (Fig. 5.14), the thrust sheet climbs up 

the frontal ramp through the model Salt Range Formation into the carapace unit. A very 

gentle monocline over the lateral ramp can be observed in section 24.0 facing towards the 

east side of the model. Section 27.0 shows the complete hanging-wall strata and part of the 
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Figure 5.13. Model SF52 at stage III. (a) Top surface view (illuminated from north). Black solid 
lines show the positions of transverse sections at the western and eastern sides of 
the model shown in b. The white solid lines mark the positions of longitudinal 
sections from 3-61mm as shown in Fig 5.14.  
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Figure 5.14. Longitudinal sections from 3 to 66 (numbered locations from hinterland to foreland) 
in the middle of the model SF52 after stage III, showing structures associated with 
the lateral ramp. The observer is facing towards the hinterland (“north”). The 
positions of the sections lines are shown in Figure 5.13. See text for discussion. The 
longitudinal sections were cut free-hand using a straight edge as a guide, and as a 
result the sections may not perfectly align. Note that the sections are oriented in a 
nominal “E-W” orientation and consequently they cut obliquely across the structure 
grain in some parts of the model.  
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footwall carapace model unit and the raised basement in the footwall. Section 30.0 the shows 

complete hanging-wall and footwall sections separated by the major thrust fault. The “Z”-

shaped closures of the FBF in the eastern side of sections 27.0 and 30.0 are due to the fact 

that the sections trend obliquely to the hinge of the main FBF that developed over the frontal 

ramp, as seen on the surface (Fig. 5.13a). The “Z” shape is at a greater distance from the 

lateral ramp in section 27.0 as compared to section 30.0 because this fold trends obliquely 

ENE as it plunges down the lateral ramp.  

 Sections 33.0-63.0, show that the strata over the frontal ramp in the west are almost 

undisturbed with some slight deformation within the molasse model units, while the area to 

the east of the lateral ramp is comparatively more deformed. In the eastern side the variation 

in model Salt Range Formation is in fact a reflection of cutting the folds obliquely. The 

model Salt Range Formation is slightly thicker in the core of DFs in the carapace model unit, 

and thinner beneath the intervening synclines. This observation is supported further by 

transverse sections (Figs. 5.10 and 5.12), which show that the eastern side of the model is 

more internally deformed as compared to the western side. 

 

5.2.2.5 Discussion 

 Models results (Figs. 4.11, 5.4, 5.9, 5.12, 5.13, and 5.14) display well the difference in 

the structural style in the presence of a frontal and lateral ramp system and closely resemble the 

difference that can be observed in the structural style of eastern and western SR/PP (Figs. 4.11, 

4.12a, 5.5, 5.6 and 5.7). Although the main decollement remained in the Salt Range Formation 

unit of the model, the east side of the model representing the eastern SR/PP is more internally 

deformed by DFs and FPFs. The model folds have almost similar orientation as in the eastern 

SR/PP (NE-SW) on the surface. Pop-ups, pop-downs and FPFs are typical structures in those 

portions of the model and the eastern SR/PP without a major ramp localized by a basement 
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normal fault (Fig. 4.1a and 4.12c). Also, in the presence of a major pre-cut frontal ramp above a 

basement fault the models developed a major FBF, a characteristic style of deformation as 

developed over a frontal ramp in the central SR/PP (Fig. 5.5 and 5.6). The geometric similarity of 

the models and the SR/PP suggests that their kinematic evolution is quite similar. 

 The transition from the FBF to FPFs and DFs geometry both in models and prototype 

coincides with a subsurface lateral ramp in the SR/PP (Fig. 5.15). The model surface structures 

(Figs. 5.9 and 5.13) have wider folds which either plunge out to the west or continue further to 

the west with shorter wavelength. The wider folds directly reflect deformation above the Salt 

Range Formation model unit (Figs. 5.11, 5.12 and 5.14), while the shorter-wavelength folds in the 

western side reflect of deformation in the molasse model units above the upper detachment within 

the Rawalpindi Group model unit. The western side of the model was translated coherently over 

the frontal ramp, and as a result the Salt Range Formation and carapace model units are 

duplicated and the thrust sheet in that part of the model below the molasse model units show very 

little deformation. The transfer zone between coherent slab translation and telescoping (folding) 

marked by the lateral ramp in the models is very much consistent with the interpretation of 

Qayyum and Spratt (1998) (see Fig. 5.7). The larger width folds in the eastern side is an almost 

exact replication of the interpretation of Pennock et al. (1989) (Fig. 4.12c). 

 The subsurface structure in the eastern SR/PP is illustrated by an along-strike seismic line 

(Fig. 5.15). At the SW end of this line the platform strata are duplicated across the Salt Range 

Thrust which separates the hanging wall and footwall panels. In the NE side there is no 

duplication of strata but the thrust sheet is much thicker and the Salt Range Thrust is interpreted 

to lie just above the basement. Along the lateral ramp the footwall platform sequence is truncated. 

The seismic data suggest that Salt Range Formation in the hanging wall steps down along the 

lateral ramp. An almost similar scenario can be observed in the longitudinal section 30 of model 

SF 52 (Fig. 5.14). However, the hanging-wall carapace model unit in longitudinal section shows a  
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Figure 5.15. Uninterpreted and interpreted seismic line SR-4 (see Figure 3.7 for location). The line was recorded (along the regional strike) and 
processed by Oil and Gas Development Corporation (OGDC) in 1979. The thrust transport direction is out of the plane of paper 
towards the viewers (after Qayyum and Spratt, 1998). SRF = Salt Range Formation, P = Platform sequence (carapace), Sw & R = 
molasse sediments of Siwalik and Rawalpindi groups. Dashed line in interpreted section shows the trace of the Salt Range Thrust. 
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recumbent fold verging (due to oblique trend through the section) to the east instead of continuing 

to the east with an open syncline (Fig. 5.14) as compared to Figure 5.15. 

 The lateral ramp that continues southward in the models can also be inferred in the SR/PP 

from the surface geology. The emergent Salt Range Thrust gradually dies along the ENE-dipping 

Chambal Ridge (Fig. 5.11). Both the Chambal Ridge and the lateral ramp are east-dipping 

structures (Fig. 5.1b and 5.11). The lateral ramp on the surface is expressed by the S-bend 

structure developed as a consequence of thrusting and draping of the roof sequence over the main 

and lateral footwall ramps, and a linear culmination wall developed over the hanging wall ramp 

(Qayyum and Spratt, 1998). On the surface of model SF 50 (Figs. 5.9 and 5.16) a similar open S-

bend is apparent in the trace of the model Salt Range Thrust and along the trace of a syncline 

(dotted black line in Fig. 5.16). The truncation of wider folds along the lateral ramp is also 

apparent on the surface of the Model SF50 (Fig. 5.16). It can be inferred from these observations 

that in the prototype the boundary between different structural styles is marked by a lateral ramp. 

 The model results show that the ramp systems along with weak decollement (Salt Range 

Formation) are probably the primary structural control on the variation in the structural style of 

the SR/PP. The difference between the models and Qayyum and Spratt’s (1998) interpretation is 

that the lateral ramp in these models is a basement structure similar to the frontal ramp, but the 

lateral ramp in Qayyum and Spratt (1998) is interpreted to be within the sedimentary sequence 

above the basement. However, seismic data analysis reveals many basement faults in the NE 

SR/PP (Pennock et al., 1989). Some of these faults have a NS-trend (Pennock et al., 1989). This 

interpretation supports the presence of lateral ramp, which could be a basement structure and to 

some extent contradict its existence in the overlying platform sequence as suggested by Qayyum 

and Spratt, (1998). The model results support the presence of a lateral ramp caused by a north-

south basement feature dipping towards the east associated with a north dipping frontal ramp in 

the prototype. Model results and prototype indicate that the surface expression of a lateral ramp is 
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marked by “S” bending. Therefore, it is concluded that the contrasting structural styles in the 

central and eastern SR/PP are likely due to the geometry of an underlying ramp systems. In 

addition the frontal and lateral ramp system may be associated with basement normal faults.  

 

 

Figure 5.16. Top surface of the Model SF50 after stage III. (illuminated from left for relief). The 
white line outlines the boundary of the frontal and lateral ramps. The rectangle 
(black continuous line) is possibly comparable area with Figure 5.11. F1 and F2 are 
the possible traces of thrusts as seen in Figure 5.11. It is apparent that the model 
Salt Range Thrust dies out in the vicinity of the lateral ramp in the east. 

 

5.2.3. OBLIQUE RAMP-WESTERN SALT RANGE AND KALABAGH AREA 

 The N15oW-trending Kalabagh dextral strike-slip fault terminates the Salt Range Thrust 

front on the west and extends for about 120 km north of Surghar Range to the southern margin of 

the Kohat Plateau (Fig. 3.7). The Kalabagh Fault strikes obliquely to the transport direction of the 

Himalayan thrust belt and transfers slip between the Salt Range and eastern Surghar Range 
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frontal ramps (McDougal and Hussain, 1991). A NNW-trending discontinuous basement ridge is 

interpreted to underlie the Kalabagh Fault on the basis of positive Bouguer gravity anomalies 

along the Kalabagh Fault zone (McDougal and Khan, 1990). In the subsurface the Kalabagh Fault 

system has a lateral ramp (Fig. 5.17) along which the Paleozoic and younger sedimentary 

sequence, underlain by Salt Range Formation, ramps to the surface along the southern three-

quarters of Kalabagh Fault Zone (McDougall and Khan, 1990).  

 

 

Figure 5.17. Schematic drawing of Kalabagh fault lateral ramp with longitudinal cross-section. 
The basement ridge dies out near the Kalabagh town (McDougall and Khan, 1990). 

 

 The Kalabagh and Surghar Range areas have a sedimentary sequence underlain by 

Neoproterozoic Salt Range Formation (McDougal and Khan, 1990) similar to that found in the 

Salt Range. The Mesozoic stratigraphy is mechanically similar to the other platform rocks of the 

SR/PP, mainly consisting of carbonate and sandstone, but the Mesozoic unconformity in the 
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SR/PP does not continue in the western Salt Range and Surghar Range. The overall mechanical 

stratigraphy of the Mesozoic rocks is competent, similar to the model carapace unit (1:0) used in 

models of the eastern SR/PP (see above). Therefore, a similar model unit is used to represent the 

Mesozoic rocks of western SR/PP without changing the thickness of the model carapace unit.  

 To examine the role of the basement ridge (oblique ramp) striking N15oW, model SF62 

was constructed with two frontal-ramp segments linked by an oblique ramp striking at N15oW. 

The oblique ramp is oriented at 15o to the transport direction. The initial configuration of the 

model SF62 is shown in Figure 5.4c. This configuration is analogous to the frontal and oblique 

ramps in Surghar and Salt Ranges. For simplicity, the frontal ramps representing Surghar Range 

and Salt Range in model SF62 will be referred to as the trailing and leading frontal ramps, 

respectively. 

 

5.2.3.1. Surface Structures 

 Figure 5.18 illustrates the progressive evolution of the surface structures of model SF62 

through three stages of deformation. Two photos are shown at each stage, with low-angle light 

from east and north respectively, to accentuate the subtle surface topography. In the first stage, 

the thrust sheets developed a prominent anticlinal ridge following the geometry of the ramp 

system (Fig. 5.18a1). The ridge seems to be slightly discontinuous at the transition zones between 

frontal and oblique ramps (Fig. 5.18a2). Close observation with low-angle illumination shows that 

there are three culmination structures over the two frontal ramps and the oblique ramp. The ridges 

over the frontal ramps have square shape termination (Fig. 18a2). Close to the spreading wedge at 

the hinterland a continuous parallel ridge developed similar to the models mentioned above. 

Minor fold ridges can also be observed on the surface close to the hinterland. The culmination 

structure over the lateral ramp has almost similar orientation as the lateral ramp and is 

comparable with Figure 5.17. 



108 

 
 

Figure 5.18. Top surface views of Model SF62, with oblique ramp linking two frontal ramps. 
Surface views in a1, b1 and c1 has been illuminated from the east while in a2, b2 and 
c2 are illuminated from the north to enhance the topographic relief of the model 
after sage I (a1, a2), stage II (b1, b2) and stage III (c1 c2). The horizontal lines in a2, 
b2 and c2 show positions of transverse section illustrated in Figure 5.19. The box in 
c2 outlines an area with folds trending in WNW direction over the oblique ramp. 
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 After stage II, the trailing ramp structure is bifurcated into two tight fold ridges with an 

intervening open trough structure. These structures plunge out towards the east (Fig. 5.18b1 and 

b2). The area behind the trailing frontal ramp towards the hinterland show ridges arranged in en 

echelon pattern. This pattern of folding on the surface is similar to the Kohat Plateau located to 

the north of Surghar Range (McDougall and Hussain, 1991). 

 During stage III, the culmination structure over the trailing frontal ramp has been 

transformed into three linear fold ridges plunging to the east/right of the model (Fig. 5.18c2). The 

ridge over the oblique ramp is segmented into numerous short doubly plunging folds (Fig. 5.18c1) 

with slight change in trend to WNW by clockwise rotation. A similar pattern can be observed in 

Figure 5.17 in the vicinity of Surghar Range. The leading frontal ramp has a prominent 

culmination structure. The leading frontal ramp structure is truncated along the oblique ramp such 

that to the west it has been replaced by at least five narrow ridges plunging to the west. Near the 

lateral ramp the EW trending model Salt Range Thrust changes its orientation at the western side 

to the north (Fig. 5.18c1). The change in the trend of model Salt Range Thrust in the western side 

is consistent with the change of trend of Salt Range Thrust in the west (Fig. 3.7). 

 The surface observation of the model SF62 suggests development of a linear ridge over 

the oblique ramp in the initial phase oriented in N15oW. However, the culmination structure over 

the oblique ramp during higher stages has been overprinted by doubly plunging folds oriented in 

WNW (Fig. 5.18c1). The slight change in the orientation of these structures over the oblique ramp 

relative to the E-W orientation of other surface folds may be caused by clockwise rotation 

associated with right-lateral movement. This may be similar to the NW- to NNW-trending folds 

in the Kalabagh Fault Zone (Fig. 5.17) developed in a transpressional regime (McDougal and 

Khan, 1990). In Stage I of model SF62, the culmination structure over the oblique ramp has 

almost same orientation as the structures observed in the prototype. The WNW orientation of 

folds over the oblique ramp may reflect the dextral movement along the Kalabagh Fault on the 
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surface, but no significant displacement is evident on the surface of the model SF62. The model 

suggests that the east-dipping thrust fault and NW-trending folds which are truncated by the 

Kalabagh Fault are primarily the result of basement configuration (oblique ramp). The sharp bend 

in the leading edge of the leading frontal ramp structures toward the hinterland of the model is 

similar to the trace of the Salt Range Thrust fault which deflects to the north along the Kalabagh 

Fault in the west. From the surface of the model it can also be presumed that comparable 

shortening over the leading frontal ramp is accommodated by a fault-bend fold while on the 

trailing frontal ramp by two thrust faults with intervening synclinal structure (Fig. 5.18c1 and c2). 

This is consistent with the northern Kalabagh Fault Zone where it curves to the west into a zone 

of north-dipping thrust faults (Fig. 3.7, and 5.17). 

 

5.2.3.2. Transverse Serial Sections 

 Representative transverse sections through model SF62 are illustrated in Figure 5.19. The 

two frontal-ramp culmination structures/FBFs have almost similar history of development as 

described above in the model results of SF47, 50 and 52, but the trailing frontal ramp area is 

highly deformed by development of numerous thrust faults to accommodate the greater 

shortening as compared to the leading frontal ramp structure (Fig. 5.19c1). At stage III, the 

carapace model unit is intruding into the model molasse units as a strong beam trapped behind the 

ductile unit (Fig. 5.19c1) as compared to the model carapace unit in the frontal ramp forming a 

hanging-wall ramp dipping towards the foreland at the leading edge of the FBF (Fig. 5.19c2). 

Also the thrust sheet is faulted/imbricated on the hinterland side of the trailing frontal ramp (Fig. 

5.19c1). At the leading part of the trailing frontal ramp the two thrust faults have an intervening 

synclinal structure (Fig. 5.19c1). These observations are an almost exact replication of the 

structures found over the frontal ramp and its vicinity at the northern termination of the Kalabagh 

Fault (Fig. 3.8 and Fig. 5.17).  
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Figure 5.19. Transverse serial sections through model SF62 at stages I, II and III. In each pair of 
photos 1 and 2 the sections show the trailing and leading frontal ramps, 
respectively. The rectangle shows the transportation of the model carapace unit 
along a fault at its base towards the surface into model molasse sediments. 
Locations of these transverse sections are shown in Figure 5.18. 

 

 In Surghar Range, the oldest rocks, which are Mesozoic in age, are faulted against the 

youngest sediments on the surface (Fig. 3.8). The model SF 62 (Fig. 5.19c1) illustrates decoupling 

of the carapace from the Salt Range Formation such that the carapace and the overlying model 

units are thrusted over the footwall carapace and the model ductile unit is thickened in the core of 

the trailing frontal ramp anticline towards the hinterland. This is markedly similar to the scenario 
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that can be observed in Figure 5.2. This observation suggests that the continuous deformation 

front in the Surghar Range may have jumped to a higher stratigraphic level (Cretaceous Chicahli 

Formation), which is the most suitable decollement (shale) after the salt horizon. The model 

supports the Kohat and Surghar Range thin-skinned style of deformation with the lower 

detachment along Neoproterozoic Salt Range Formation (Abbasi and McEroy, 1991; and 

McDougall and Hussain 1991).  

 The model results suggest that the basement ridge below the Kalabagh Fault can be better 

explained by the presence of the lateral ramp. In the prototype the Kalabagh Fault is oriented at 

N15oW, slightly oblique to the transport direction. The fault segment which strikes obliquely to 

the transport direction is an oblique ramp (Butler, 1982; McClay, 1992). In such an arrangement 

the area is characterized by transpressional tectonics as can be seen in the Kalabagh area. 

Modelling of the Kalabagh Fault Zone with underlying an oblique ramp, as suggested by Butler et 

al. (1987), closely replicates the structural style in the prototype. However, models SF58-59 

(Appendix A) with frictional substrata in the western SR/PP (Butler et al., 1987), did not develop 

realistic structures. In these models stresses were transferred to the footwall of the trailing frontal 

ramp in the western SR/PP. In response the dip angle of the frontal ramp increased and the 

footwall in the ramp region has thickened by layer parallel shortening. Such observation is not 

reported from the prototype. Therefore, the model SF62 supports the Kohat and Surghar Range 

involving thin-skinned style of deformation with the lower detachment along Neoproterozoic Salt 

Range Formation (Abbasi and McEroy, 1991; and McDougal and Hussain, 1991) as compared to 

Butler et al. (1987) suggesting lack of Neoproterozoic salt to the west of SR/PP beyond Kalabagh 

area. Furthermore, the orientation of the Kalabagh Fault and the unknown nature of the evolution 

of the basement ridge (McDougall and Khan, 1990), strengthen the idea of the presence of an 

underlying oblique ramp instead of simple raised basement. 
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5.3 DUCTILE vs. FRICTIONAL SUBSTRATE-NPDZ 

 The Northern Potwar Deformed Zone (NPDZ) is located between the Main Boundary 

Thrust in the north and Soan Syncline in the south (Fig. 3.7). With the exception of a few small 

outcrops of Eocene rocks the area has predominantly surface exposure of Rawalpindi Group 

molasse sediments. The NPDZ is severely deformed internally as compared to the rest of the 

SR/PP. The structural style of the NPDZ is characterized by imbricate thrusting (Fig. 5.20). The 

present imbricate stacking style of deformation in the NPDZ is reproduced in some of the models 

with a ductile Salt Range Formation (e.g., model SF47, Fig. 5.4c). 

 The greater internal deformation in the NPDZ suggests that the basal decollement was 

stronger and therefore the critical taper angle had to be greater (Jaume and Lillie, 1988). 

However, the surface slope in the NPDZ is almost negligible. It has been proposed that low 

surface slope is a product of later erosion as the deformed NPDZ was transported passively to the 

south over the Salt Range Formation without additional internal deformation (Jaume and Lillie, 

1988; Jadoon et al., 1997; Jaswal et al., 1997) and the active erosion reduced the surface slope 

(Fig. 5.21). Therefore, the NPDZ may had been deformed over a stronger decollement prior to 

displacement onto underlying ductile Salt Range Formation (Jaume and Lillie, 1988). 

 The above argument was tested by building several models (SF 54-SF57) with a strong 

substrate in front of the hinterland wedge instead of the weak Salt Range Formation as described 

above. In these models the ductile unit representing the Salt Range Formation was replaced with 

four layers of red and white plasticine in a zone of 18mm wide at the hinterland end in model 

SF54-57. With the exception of the zone of frictional substrate in the hinterland portion, these 

models have equivalent mechanical units and a configuration of frontal and lateral ramps the 

same as in the models SF50 and SF52. The mechanical boundary between the frictional and 

ductile substrate dipped toward the foreland of the model (Fig. 5.22). 
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Figure 5.20. (A) An uninterpreted seismic section across the NPDZ and (B) generalized interpretation (after Jaswal et al., 1997, see Fig. 5.1 for 
location). KMF = Khairi Murat Fault, DF = Dhurnal Fault, MF = Mianwala Fault, P-C = Permian – Eocene formations, M = Murree 
Formation, SRF = Salt Range Formation, Ch = Chinji Formation, Na = Nagri Formation and KI = Kamlial Formation.  
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Figure 5.21. Conceptual drawing of the strong internal deformation and low topographic slope in 
the Northern Potwar Deformed Zone. (a) Pre-2Ma. The northern Potwar Plateau 
(NPP) is actively deforming as a fold-and-thrust belt over a frictional substrate and 
has not yet encountered evaporites of the Salt Range Formation (shown in black). 
Significant topographic slope is necessary to maintain critical taper. The normal 
fault beneath the future Salt Range also forms at this time. (b) 2 Ma. The 
deformation front reaches the northern edge of the salt basin and a "triangle zone" 
structure is formed. Uplift of the Salt Range begins as the decollement extends 
southward within the Salt Range Formation over the frontal ramp. (c) Present. The 
Northern Potwar Plateau has overridden the northern edge of the salt basin, and a 
large critical taper is no longer needed. Erosion has reduced the topography to its 
present nearly level surface. Shortening is being taken up at the Salt Range Front 
(Jaume and Lillie, 1988). Salt Range Potwar Plateau=SPP. 
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Figure 5.22. Transverse section of the Model SF 57 at stage 0 with a frictional substrata at the 
hinterland and precut geometry of a north dipping normal fault. The model units 
ratios and thickness are similar to the models units of SF47, 50 and 52 as described 
in Figure 5.4. Line drawing shows the geometry of mechanical boundary between 
strong vs. ductile substrate, and frontal the ramp. 

 

5.3.1 Surface Structures 

 Model SF57 was deformed in four stages of shortening (I to IV). The surface structures 

are shown in Figure 5.23. During stage I, a prominent linear ridge developed just in front of the 

spreading wedge and another over the mechanical boundary between the strong and weak 

substrates. There are some minor ridges also developed close to the foreland side of the 

mechanical boundary ridge. During stages II- IV, the two existing folds increased in width and 

amplitude. These folds have almost straight hinges and are relatively cylindrical. An en-echelon 

pattern of shorter folds can also be observed on the surface of the model at higher stages. During 

stage II, a ridge developed over the frontal ramp and it increased in width during stages III and 

IV. In previous model results without frictional substrate at the hinterland side, deformation 

jumped to the frontal ramp in the first stage. However, in this model with a frictional substrate the 

deformation was concentrated at the hinterland during the first stage and did not transfer to the 

frontal ramp until stage II. This observation supports the concept of Jaume and Lillie (1998) and 

Jaswal et al. (1997) that NPDZ deformed first over the frictional substrate prior to 2Ma and after 

that the deformation front jumped far enough to the south and encountered the salt layer. The 

surface topography over the frictional substrate is slightly raised in the model SF57 during stages 

I to IV as compared to the models with continuous weak decollement. The area deformed over 
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Figure 5.23. Progressive deformation of the free surface of the model SF57 through stages I-IV. 
The model surface is illuminated from left to increase the surface relief. The sold 
lines mark the positions of transverse sections as shown in Figure 5.24. The white 
dotted lines in SF47 IV are the surface traces of the thrust faults at the hinterland of 
the model. The arrows pointing to the jog or “S” bending on the surface of the 
model. 

 

the frictional substrate developed narrow (shorter-wavelength) folds instead of broad folds. This 

observation is consistent with the interpretation of Jaume and Lillie (1998) that high topography 

in the NPDZ was developed by deformation over a frictional substrate in the initial stage. 

 The surface at stage IV shows a change in the trend of the structure by anticlockwise 

rotation. The change in trend of structures from west to east is in fact caused by translation vs. 

telescoping mechanism. In the western side the model units are translated over the frontal ramp 

more or less coherently while on the eastern side the shortening is accommodated by distributed 
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folding. The difference resulted in the rotation of the structural trend in the model. Due to which 

the overall shortening is greater in the west than the east. The variation in accommodating 

shortening by different mechanisms has changed the trend of the structures on the surface of the 

model. This observation in the model is comparable with the structural trends in the SR/PP (Fig. 

3.7). The jog or ‘S’ bend in the narrow trough, a surface expression of the major thrust fault, is 

more obvious on the surface of the model SF57 at stage III and IV (Fig. 5.23). In the eastern 

SR/PP the structures trend NE, but EW in the central SR/PP (Fig. 3.7). The difference in style of 

deformation from east to west can be more clearly seen in transverse sections. 

 

5.3.2. Transverse Serial Sections 

 The progressive evolution of the model SF57 is shown in transverse sections cut parallel 

to the shortening direction in Figure 5.24. In the first stage, the normal fault is dormant (Fig. 

5.24a). The deformation is mostly concentrated above the frictional substrate with very minor 

deformation across the mechanical boundary (Fig. 5.24b). Two major folds can be observed, one 

close to the hinterland and the other over the mechanical boundary. These folds characteristically 

formed above the carapace model unit. Above the mechanical boundary an analog listric thrust 

fault developed, which can be traced towards the surface in the molasse units of the model (Fig. 

5.24b). This observation supports Jaume and Lillie’s (1988) suggestions of deformation over the 

frictional substrata in the initial stage and reactivation of the normal fault later (Fig. 5.21a). The 

surface slope in the model with frictional substrate at the hinterland is relatively slightly higher 

(Fig. 5.24a, b and 5.25) than in models FS47, 50, 52 (Figs. 5.3, 5.4, 5.9, 5.10, and 5.13) with the 

continuous ductile substrata from hinterland to foreland. This is also consistent with the 

suggestion of Jaume and Lillie (1988) and Jaswal et al. (1997). Also the width of folds over the 

frictional substratum is shorter (Fig. 5.24a, b and 5.25) than folds in the models SF47, 50, 52 

(Figs. 5.3, 5.4, 5.9, 5.10, and 5.13), demonstrating a difference in structural geometry due to the  



 119 

 

Figure 5.24. Progressive deformation of the model SF57 with a frictional substrate at the 
hinterland. The area outlined by the dotted rectangle represents the Northern 
Potwar Deformed Zone. The white dashed lines show the suspected trace of 
incipient imbricate thrusting. However there is no prominent displacement along 
these analog listric thrust fault.  
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Figure 5.25. Transverse sections of models SF54, 55, and 56 after Stage I, showing high 
amplitude and tight folds at the hinterland over the frictional substrata. 

 

presence of ductile vs. frictional substrate. 

 During stage II, the pre-existing normal fault reactivated as a thrust fault (Fig. 5.24c) and 

at the same time deformation increased further at the hinterland (Fig. 5.24d). The fold at the 

hinterland in the model molasse sediments has a disharmonic relationship with the underlying 

mechanically competent units and the listric folds typically verge towards the foreland. Folds 

with specific vergence are characteristic of deformation over a frictional substrate (Fig. 5.24c and 

d). Imbricate thrusting is evident just at the back of the mechanical boundary (Fig. 5.24d). These 

structures (folds and faults) over the frictional substrate have clear vergence toward the foreland 

while folds within the model molasse sediments overlying the model ductile substrate are almost 

symmetrical (Fig. 5.24 c and d). 

 After stage III, the model units overlying the competent substrate show strong vergence 

toward the foreland. Those folds over the ductile unit are characterized by upright folding 

(Fig.5.24 e and f). The mechanical boundary which had initially a shallow dip to the south has 



 121 

been steepened to almost vertical by this stage. This documents the amount of southward-directed 

shear in the lowest unit (the frictional substrate) through the three stages. In the initial stages the 

deformation concentrated at the hinterland of the model. On encountering the ductile substrate at 

the mechanical boundary during higher stages, the deformation jumped forward above the ductile 

substrate. Simultaneously, the deformation was accommodated internally by mostly layer-parallel 

shortening and minor folding at the hinterland of the model. This observation is very similar to 

the conceptual observations as shown in Figure 5.21c. 

 By stage IV, a large thickness of the model ductile unit had accumulated ahead of the 

mechanical boundary, forming a major fold (Fig. 5.24 g and h). This may have been caused by 

the gravitational collapse of the centre of the model squeezing the ductile unit toward the 

hinterland and foreland (Fig. 5.24g) and the buttress at the mechanical boundary may have caused 

the accumulation. Such observations has not been previously reported in the NPDZ. In the core of 

this major fold the frictional substrate is thrusted over the model ductile unit such that the 

frictional unit became a hinterland-dipping panel (Fig. 5.24g). Also at the mechanical boundary, 

the model carapace unit shows back-thrusting (Fig. 5.24 h). Between the mechanical boundary 

and the frontal ramp, the model carapace and Salt Range Formation are virtually undeformed 

such that the horizontal displacement is transferred to hinterland- and foreland-verging thrust 

faults (Fig. 5.24 g and h) and a large syncline was developed. The syncline structure is more 

prominent in the eastern side of the model as compared to the western side (Fig. 5.24 g and h). 

The northern limb of this syncline above the mechanical boundary (Fig. 5.24h) exhibits-back 

thrusting that resembles the triangle zone in Figure 5.21b. These observations are generally 

compatible with Jaume and Lillie’s (1988) model interpretation (Fig. 5.21). However, 

unfortunately, the structures that developed over the frictional substrate were not translated 

passively as far over the model ductile unit as suggested for the passive translation of the NPDZ 
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over the Salt Range Formation during later stages (Jaume and Lillie, 1998; Jadoon et al., 1997; 

Jaswal et al., 1997).  

 The models SF54-57 described above suggest that intense shortening in the NPDZ could 

have been caused by a localized zone where the basal decollement was stronger than the 

evaporite Salt Range Formation further to the south. However, it is also possible that the NPDZ 

formed above a ductile substrate. The structural style and geometric similarity of the models 

SF47, 50, and 52 (Figs. 5.4c, 5.10, 5.12, 5.13 and 5.26) with the prototype (Figs. 4.12b, 5.5, and 

5.20) suggest that the mode of formation of NPDZ is more closely associated with the ductile 

substrate than the frictional substrate. Hence, NPDZ has low topographic slope. North of the 

Main Boundary Thrust in the Hazara area (Fig. 1.2) the presence of Neoproterozoic gypsiferous 

deposits suggests that evaporite basin may extend further to the north (Kadri, 1995). Furthermore, 

the model (Fig. 5.26) suggests that the severe deformation of the Rawalpindi Group rocks in the 

NPDZ may be due to the fact that the area is lying in the immediate footwall of the MBT. In the 

line drawing of Figure 5.26, the model Siwalik Group has been removed to show an imaginary 

erosional surface, simulating the erosional removal of the Siwalik Group sediments from NPDZ. 

The Figure 5.26 shows close similarity with NPDZ (Fig. 5.20), after deformation over a ductile 

substrate. The mechanical stratigraphy of Rawalpindi Group (shale and sandstone, almost weak) 

may also have played a role in the severe deformation in close vicinity of MBT. 

5.4. SUMMARY 

 The model results described above demonstrate that the variations in the structural style 

along the strike in the SR/PP can be explained by the geometry of an underlying ramp system and 

that the ductile Neoproterozoic Salt Range Formation probably provided a weak horizon for a 

smooth gliding of the SR/PP thrust sheet towards the foreland. 

 In the central SR/PP, the models show that in the presence of a pre-existing normal fault,   
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Figure 5.26. Line drawing of the rectangle area at the hinterland and of the transverse section 28 of Model SF 47 stage III (Figure 5.4C). The 
model Siwalik Group is omitted from the line drawing not only for clarity but because the Siwalik Group sediments are absent (due 
to erosion) in the Northern Potwar Deformed Zone. In the presence of a model ductile horizon the NPDZ shows a very similar severe 
internal deformation as in the prototype, dominated by thrust faulting.  MBT = Main Boundary Thrust and NPDZ = Northern Potwar 
Deformed Zone. 
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a culmination structure with fault-bend-fold geometry developed over the frontal ramp. As a 

result, the hanging-wall units are deflected to the surface, duplicating the whole stratigraphic 

sequence. Due to rapid propagation of deformation over the frontal ramp (normal fault), the fault-

bend fold developed out-of-sequence. In contrast, in the eastern SR/PP, the model results display 

deformation by detachment folds, fault-propagation folds and pop-up and pop-down structures. 

Along the transition zone between the eastern and central parts of the model and the prototype 

SR/PP, the Salt Range Thrust terminated to the east along a S-bend at Chambal Ridge and was 

replaced further to the north by the Jogi Till ridge on the surface and by a lateral ramp in the 

subsurface. The lateral ramp may be a basement structure. The models show that mechanisms of 

translation vs. telescoping in the presence of ramp systems may be responsible for the change in 

structural trends in the central and eastern SR/PP.  

 The model results show that culmination structures develop above the frontal ramps in 

the central SR/PP and the Surghar Range as well as the connecting oblique ramp. The FBF over 

the trailing frontal ramp representing the Surghar Range is internally more deformed as compared 

to the leading frontal ramp in the central SR/PP. The right-lateral movement along the Kalabagh 

Fault above the oblique ramp is shown by a slight clockwise rotation of folds over the oblique 

ramp, but there is not a significant displacement as compared to the displacement seen along the 

Kalabagh Fault in the prototype. The discontinuous ridge in the basement can be better explained 

by an oblique ramp on the basis of its NWN orientation to the NS to the transport direction of 

thrust sheet. 

 The model results confirm a high taper value for the deformation of NPDZ above a 

frictional substrate but not the passive translation over the weaker substrate afterward. However, 

the present structural style in the NPDZ, which has a lower taper, closely resembles deformation 

above a weaker decollement. Most of the shortening above the frictional substrate was 

accommodated by layer parallel shortening, folding and shearing. The models support better the 
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interpretation of that the NPDZ was developed over a ductile substrate than deformation over a 

frictional substrate based on the present structural style of the NPDZ. The models result show that 

the structural variation in the SR/PP may be controlled by the geometry of basement structures 

along with the basal ductile unit. 
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CHAPTER 6 

6.1. SUMMARY AND DISCUSSION 

 Previously, various parameters such as a weak decollement, variations in mechanical 

stratigraphy, differences in the basement dip and changes in shear resistance were considered to 

be responsible for the contrasting structural style across the SR/PP. However, seismic data reveal 

that the SR/PP has many basement structures that were reactivated during compressional 

tectonics and consequently may have governed the style of deformation in the prototype. In this 

project, the centrifuge modelling technique was used to address the contrasting structural style in 

the SR/PP. During this study, mechanical stratigraphy and basement structures (ramp systems) 

were taken into consideration to address the variation in the structural style across the Prototype. 

 The project fulfilled the following goals: (1) established the mechanical stratigraphy of 

SR/PP influencing its structural style; (2) documented the geometric and kinematic evolution of 

folds and thrust faults, and their interrelationship in SR/PP; (3) confirmed the role of basement 

parameters (ramp systems) on the variation in the structural styles across the SR/PP; (4) 

investigated the transformation of the emergent Salt Range Thrust along strike; and (5) 

investigated how the evolution of NPDZ could be influenced by a low-yield strength salt horizon 

as compared to a strong decollement. The study also shows that centrifuge modelling is a useful 

technique for helping to understand the structural evolution of SR/PP. The results of this study 

may have similar implications to other salt-related fold-thrust belts. As well, this modelling 

project has significantly advanced the present understanding of the kinematic evolution of the 

SR/PP.  

 The established mechanical stratigraphy of SR/PP with alternating bulk competency, 

when shortened horizontally, developed a series of geologically realistic fold-thrust structures. 

Moreover, the model Salt Range Formation provided a weak horizon for the deforming thrust 
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sheet. Initially, detachment folds propagated in sequence from hinterland to foreland in the model 

carapace unit above the model Salt Range Formation with decreasing amplitude toward the 

foreland. With the continued shortening of the models, the detachment folds transformed into 

fault propagation folds and then finally into low-angle thrust faults as the previously folded 

carapace unit was transected. The thrust faults were observed to join another weak detachment 

within the model Rawalpindi group above the model carapace, following a flat-ramp-flat 

geometry. The lower flat was located within the model Salt Range Formation, while the ramp 

developed across the model carapace and the upper flat was provided by a weak detachment 

within the model Rawalpindi Group. This sequence of developing folds followed by thrust faults 

illustrates an evolutionary relationship between these structures. Based on these observations, it 

can be assumed that the SR/PP may have gone through a similar geometric and kinematic 

evolution.  

 The weak horizon represented by the model Salt Range Formation at the base acted as an 

effective decollement which is likely responsible for the typical geometric structural style that can 

be observed in the eastern SR/PP. In the models, the hinterland area was characterized by low-

angle thrust faults. In contrast, the foreland developed pop-up, pop-down, detachment and fault -

propagation folds. Furthermore, the preferred vergence (toward the foreland) of some structures 

near the hinterland even in the presence of a weaker decollement may have been caused by the 

flow of the model Salt Range Formation from the synclines into the cores of anticlines. Similar 

foreland-verging structures can also be observed at the northern part of the SR/PP. Moreover, the 

low cross-sectional taper values of the SR/PP and the models and development of symmetrical 

folds can be attributed to the low basal friction (Salt Range Formation). The modelling 

observations lead to the conclusion that the strength of the Salt Range Formation has a major 

influence on the structural style of the SR/PP as discussed in Chapter 4. The models further 
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suggest that in the presence of upper and lower detachments, the overall structural style of the 

SR/PP is a “blind duplex.” 

 The model results show that the presence of a basement normal fault during compression 

localized a major thrust of the hanging wall over the footwall, duplicating the stratigraphy. A 

weak decollement and a basement fault in the models allowed an easy glide of the thrust sheet 

without internal deformation of the roof sequence. Most of the shortening was accommodated by 

translation of the thrust sheet over the main frontal ramp in the models. However, in the eastern 

side of the models, representing the eastern SR/PP, shortening had been accommodated by 

internal deformation of the thrust sheet without any significant repetition of strata through major 

thrusting. The general geometry of the structures in the eastern side of the models is characterized 

by detachment and fault propagation folds. 

 In the eastern side of the models, the model Salt Range Formation had moved from the 

core of the synclines into the cores of anticlines. This phenomenon suggested that thinning of the 

Salt Range Formation in the eastern SR/PP may be caused by secondary movement of the salt 

during compressional tectonics in contrast to primary thinning as previously proposed.  

 The models demonstrate that the contrast in the deformation style between the central and 

eastern SR/PP can be explained by basement ramp systems. In the model, the frontal ramp linked 

to an east-dipping lateral ramp closely replicated the contrasting structural style that can be 

observed in SR/PP. The east-dipping lateral ramp marks the transfer zone between fault-bend 

fold, and detachment folds and fault-propagation folds. Moreover, the variation in the 

deformation style both in the models and prototype can be related to two different mechanisms 

accommodating equal shortening i.e., translation vs. telescoping. The model results confirm the 

development of the Salt Range Thrust in two stages and dying out in an “S” geometry toward the 

eastern SR/PP, as was previously suggested by Qayyum and Sprat (1998). The S-bend geometry 

is represented by the Chambal and Jogi Tilla ridges in the prototype, which are the surface 
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expression of the transfer zone developed above the lateral ramp between the central and eastern 

SR/PP. Therefore, it can be derived from the models that the frontal ramp and lateral ramp had 

made a major contribution towards the structural style of the SR/PP. Moreover, in both the 

models and the prototype, displacement along the Salt Range is transferred to folding in the 

eastern side close to the lateral ramp. The models illustrate that the frontal ramp might have 

generated stress concentration and activated upward deflection of the thrust sheet forming a major 

culmination structure that resulted in surface exposure of the Salt Range Thrust in the prototype. 

However, the basement normal fault was constructed in the models and hence, it was not possible 

to conclude that the prototype was created by flexural loading, as the centrifuge machine has a 

rigid base plate for mounting the model.  

 The Kalabagh Fault strikes obliquely (N15oW) to the transport direction and has been 

interpreted to overlie a basement ridge of unspecified origin. Model results show that the 

basement structure below the Kalabagh Fault could be explained better by an oblique ramp (based 

on its orientation) connecting the two frontal ramps at Surghar Range and central SR/PP. Dixon 

and Spratt (2004) suggested that a tear fault connecting two frontal ramps was unstable and prone 

to rotation. Based on these observations from the model results, the Kalabagh Fault may not be a 

true tear fault but an oblique ramp striking at an angle to the transport direction. Therefore, the 

models suggest that the basement ridge may be underlain by an oblique ramp connecting the two 

frontal ramps below the Surghar Range and the central SR/PP. In the models, no significant right 

lateral movement was observed, but a slight clockwise rotation of folds over the oblique ramp 

may be indicative of some right-lateral displacement. In the initial stage, a major culmination 

structure developed over the lateral ramp conforming to its orientation. Structures above the 

model lateral ramp oriented in a WNW direction had crude resemblance to the prototype 

structures oriented in a NNW direction at a higher stage. But generally, from the models it can be 

deduced that the structures oriented in the NNW direction in the prototype are due to 
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transpressional deformation developed above a lateral ramp in the basement. The models 

illustrate that decoupling of the platform sequence from the underlying Salt Range Formation, 

might have supported the jumping of decollement from weaker salt into weaker shale above and 

might be responsible for the exposure of Mesozoic rocks on the surface in the Surghar Range as 

compared to the Salt Range, where Salt Range Formation is exposed on the surface. It can be 

derived from the models that the Surghar Range area is underlain by Salt Range Formation with a 

characteristic thin-skinned style of deformation almost similar to SR/PP.  

 The NPDZ was deformed above frictional and ductile substrata during this study to 

understand its evolution. In the models with a frictional substrate at the hinterland, imbricate 

stacking developed without any significant displacement along analog thrust faults. Most of the 

shortening was accommodated in the frictional substratum by layer-parallel shortening and minor 

folding while the overlying model carapace, Rawalpindi and Siwalik groups deformed by 

buckling. The model results strengthen the idea of high taper value of NPDZ above a frictional 

substratum during its initial evolution. However, during the later stages of shortening, the model 

NPDZ did not show any significant movement over the ductile substratum. The models in which 

the NPDZ was deformed above a frictional substratum had very crude resemblance with the 

prototype. Therefore, shortening of the NPDZ over a strong decollement contradicts the previous 

interpretation regarding its evolution (Jaume and Lillie, 1988). However, the models with ductile 

substrate closely replicated the piggy-back style of deformation as observed in the NPDZ. The 

models show strong deformation as well as foreland verging thrust faults with the development of 

“blind duplex” geometry as can be observed in the NPDZ. Therefore, it is also possible that the 

NPDZ may have been formed over the ductile substrate as compared to a frictional substrate due 

the close similarity between the deformation styles that can be observed in the models as well as 

in the prototype and the low topographic slope may be due to its evolution over a weak 

detachment. 
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 The model results suggest that the distribution of the basement ramp systems and Salt 

Range Formation are considered to have significant implication on the structural variations and 

complex deformation in the SR/PP. The temporal development of fold-thrust structures through 

stages in modelling revealed by observation lends insight into the progressive evolution of the 

SR/PP, which in turn has made it imperative to develop a better understanding of the thrust 

dynamic and structural interpretation of the SR/PP. Moreover, the model results will assist in 

viable assessment of prospective reservoirs in the area. It is therefore, very crucial to consider the 

role of the basement ramps systems along with the Salt Range Formation while interpreting the 

structural styles of the SR/PP and exploiting the area for hydrocarbon exploration. 

 

6.2. CONCLUSION 

 This study, based on centrifuge modelling, explains the contrasting structural style in the 

SR/PP on the basis of mechanical stratigraphy and basement ramp systems. The models suggest 

that SR/PP could have the following features: 

 
1. Salt Range Formation could provide an efficient decollement for the propagation of the 

thrust sheet. The mechanical stratigraphic combination likely influenced the evolution of 

the folds and thrust faults, with a mechanically weaker unit providing a basal 

decollement, and the strong platform sequence responding to shortening by folding and 

ultimately facilitating the nucleation of thrust faults with flat-ramp geometry. The 

mechanically weaker horizon within the Rawalpindi Group could have provided an upper 

detachment above which the competent Siwalik Group deformed by buckling only. The 

presence of upper and lower detachments created a “blind duplex” geometry. The unique 

combination of mechanical stratigraphy exerted a significant control on the present 

structural style of the SR/PP. 
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2. The overall deformation style of the central SR/PP is similar to the fault-bend fold 

geometry as suggested by modelling. The frontal ramp could have been localized by a 

basement normal fault, responsible for the deflection of the whole stratigraphic sequence 

toward the surface. Models further suggest that the combination of weak decollement and 

frontal ramp cause the thrust sheet in the central SR/PP to show very little internal 

deformation because of easy glide toward the foreland. In contrast, the thrust sheet in the 

eastern SR/PP, lacking a basement normal fault, shows strong internal deformation, 

characteristically developing pop-up, pop-down, and fault propagation folds.  

 
3. The change in the structural style in an E-W direction across the SR/PP could be related 

to two different mechanisms (translation vs. telescoping) synchronously accommodating 

similar amount of total shortening by the development of contrasting structural styles.  

 
4. The transition zone between the contrasting structural styles could be marked by a lateral 

ramp in the subsurface, the surface expression of which is marked by “S” bending 

represented by Chambal and Jogi Tilla ridges.  

 
5. The basement rise in the western SR/PP below the Kalabagh strike slip fault may be an 

oblique ramp connecting the two frontal ramps at the Surghar Range and central SR/PP.  

 
6. The NPDZ may have evolved above a ductile unit, e.g. Salt Range Formation, as did the 

SR/PP. 

 
7. It is possible that the basement configuration, consisting of pre-existing normal faults, 

and mechanical stratigraphy have greatly influenced the contrasting structural styles in 

the SR/PP. Therefore, it is necessary to consider the role of these parameters in the 

evolution and variation of structural styles in the SR/PP. 
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6.3. POINTS FOR FUTURE WORK 

 The work presented in this thesis provides a foundation for expanding it to the other parts 

of the fold-thrust belt in Pakistan, which has interesting structural styles.  This technique may also 

be very useful in resolving many structural problems associated with the Himalayan fold-thrust 

belt in Pakistan, for example: 

 
• Extend a similar study into the Kohat Plateau and Sulaiman belt, particularly for 

hydrocarbon exploration integrated with seismic data, and compare their structural style 

with that of SR/PP. 

• Investigate the effect of varying the relative strength of the competent and incompetent 

units on the structural style in the Pakistani Himalayan fold-thrust belt.  

 
• Pakistan has many regional-scale tear faults, e.g., Chaman Fault, Murree Fault, etc. 

Similar modelling may provide clues to assess the role of tear faults in controlling the 

geometry of features like the Indus reentrant, and Hazara Kashmir Syntaxis, and to 

establish their relationship to regional scale (Himalayan orogeny). 

 
• Possibly, the modelling can be used for hazard analysis by mapping fault patterns in the 

models, to suggest where faulting would occur in the prototype. This may help in 

predicting seismically hazardous areas in the Himalayan fold-thrust belt.  
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APPENDIX A 

 To model the structural style of Salt Range and Potwar Plateau; 63 models were 

constructed and run at an acceleration of 4000g. However, only selected models were presented 

and discussed in chapters 4 and 5 to investigate the mechanical stratigraphy and structural style of 

the Salt Range and Potwar Plateau. It is also difficult to present all the models in Appendix A, 

therefore, selected models are presented here for readers along with units and ratio, surface and 

transverse sections views through different stages.  

 

MODEL SF1 

Unite Name 
Ratio of thickness of 
Plasticine:Silicone 

Putty Laminae 

Final 
Thickness of 
Unit (mm) 

Colours of 
Plasticine 

Total 
Number of 

Layers 
Siwalik Group 2:1 2.5 Light blue  8 

Rawalpindi Group 5:1 2.0 Green 8 

Carapace 1:0 0.5 Dark blue 1 

Salt Range Formation 0:1 1.0 -------- 1 

 

SURFACE SECTIONS  
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TRANSVERSE SECTIONS 
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MODEL SF5 

Unite Name 
Ratio of thickness of 
Plasticine:Silicone 

Putty Laminae 

Final 
Thickness of 
Unit (mm) 

Colours of 
Plasticine 

Total 
Number of 

Layers 
Siwalik Group 2:1 2.5 Light blue  16 

Rawalpindi Group 3:1 2.0 Green 16 

Carapace 1:0 0.5 Red 1 

Salt Range Formation 0:1 1.0 -------- 1 

 

SURFACE SECTIONS  
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TRANSVERSE SECTIONS 
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MODEL SF15 

Unite Name 
Ratio of thickness of 
Plasticine:Silicone 

Putty Laminae 

Final 
Thickness of 
Unit (mm) 

Colours of 
Plasticine 

Total 
Number of 

Layers 
Siwalik Group 2:1 2.5 Light blue  16 

Rawalpindi Group 3:1 2.0 Green 16 

Carapace 1:0 0.5 Red 1 

Salt Range Formation 0:1 1.0 -------- 1 

 

SURFACE SECTIONS  
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TRANSVERSE SECTIONS 
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MODEL SF17 

Unite Name 
Ratio of thickness of 
Plasticine:Silicone 

Putty Laminae 

Final 
Thickness of 
Unit (mm) 

Colours of 
Plasticine 

Total 
Number of 

Layers 
Soan Formation 1:0 1 Yellow 1 
Siwalik Group 
(Chinji, Nagri and 
Dhok Pathan Fms) 

 
2:1 

 
2.0 

 
Green 

 
16 

Kamlial Formation 1:0 0.4 Black 1 
Murree Formation 1:1 1.6 Red 16 
Carapace 1:0 1 White 1 
Salt Range Formation 1:4 (mixed P and SP) 1  1 

 

SURFACE SECTIONS  
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TRANSVERSE SECTIONS 
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MODEL SF18 

Unite Name 
Ratio of thickness of 
Plasticine:Silicone 

Putty Laminae 

Final 
Thickness of 
Unit (mm) 

Colours of 
Plasticine 

Total 
Number of 

Layers 
Soan Formation 1:0 1 Yellow 1 
Siwalik Group 
(Chinji, Nagri and 
Dhok Pathan Fms) 

 
1:3 

 
2.0 

 
Green 

 
16 

Kamlial Formation 1:0 0.4 Black 1 
Murree Formation 1:2 1.6 Red 16 
Carapace 1:0 1 Red + white 4 
Salt Range Formation 1:4 1 Black 4 

 

SURFACE SECTIONS  

 



 161 
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TRANSVERSE SECTIONS 
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MODEL SF19 

Unite Name 
Ratio of thickness of 
Plasticine:Silicone 

Putty Laminae 

Final 
Thickness of 
Unit (mm) 

Colours of 
Plasticine 

Total 
Number of 

Layers 
Soan Formation 1:0 1 Yellow  
Siwalik Group 
(Chinji, Nagri and 
Dhok Pathan Fms) 

 
1:2 

 
2.0 

 
Green 

 

Kamlial Formation 1:0 0.4 Black  
Murree Formation 1:2 1.6 Red  
Carapace 1:0 1 Green + black  
Salt Range Formation 1:4  1 Red  

 

SURFACE SECTIONS  
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TRANSVERSE SECTIONS 
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MODEL SF23 

Unite Name 
Ratio of thickness of 
Plasticine:Silicone 

Putty Laminae 

Final 
Thickness of 
Unit (mm) 

Colours of 
Plasticine 

Total 
Number of 

Layers 
Siwalik Group 2:1 3.0 Red 16 

Rawalpindi Group 1:1 2.0 Green 16 

Carapace 1:0 1 Black+yellow 4 

Salt Range Formation 1:2 1 Red 4 

 

SURFACE SECTIONS  
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TRANSVERSE SECTIONS 
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MODEL SF28 

Unite Name 
Ratio of thickness of 
Plasticine:Silicone 

Putty Laminae 

Final 
Thickness of 
Unit (mm) 

Colours of 
Plasticine 

Total 
Number of 

Layers 
Siwalik Group 2:1 1.67 Red 16 

Rawalpindi Group 1:1 1.34 Green 8 

Carapace 1:0 0.67 Black+yellow 4 

Salt Range Formation 1:2 0.67 Red 4 

 

SURFACE SECTIONS  
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TRANSVERSE SECTIONS 
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MODEL SF34 

Unite Name 
Ratio of thickness of 
Plasticine:Silicone 

Putty Laminae 

Final 
Thickness of 
Unit (mm) 

Colours of 
Plasticine 

Total 
Number of 

Layers 
Siwalik Group 2:1 1.67 Red 16 

Rawalpindi Group 1:1 1.34 Green 7 

Carapace 1:0 0.67 Black+yellow 4 

Salt Range Formation 1:2 and 1:0 (at 

hinterland) 

0.67 Red 4 

 

SURFACE SECTIONS  
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TRANSVERSE SECTIONS 
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MODEL SF39 

Unite Name 
Ratio of thickness of 
Plasticine:Silicone 

Putty Laminae 

Final 
Thickness of 
Unit (mm) 

Colours of 
Plasticine 

Total 
Number of 

Layers 
Siwalik Group 2:1 1.67 Red 16 

Rawalpindi Group 1:1 1.34 Green 7 

Carapace 1:0 0.67/0.32  

(HW/FW) 

Black+yellow 4/2 (HW 

/FW) 

Salt Range Formation 1:2  0.67/0.31 

(HW/FW) 

Red 4/2 (HW/ 

FW) 

HW=Hanging Wall and FW=Footwall 

 

The ramp geometry in the model SF39 is similar as shown Figure 5.1(a). 

 

SURFACE SECTIONS  
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TRANSVERSE SECTIONS 

 

 

MODEL SF43 

Unite Name 
Ratio of thickness of 
Plasticine:Silicone 

Putty Laminae 

Final 
Thickness of 
Unit (mm) 

Colours of 
Plasticine 

Total 
Number of 

Layers 
Siwalik Group 2:1 1.82 Red 16 

Rawalpindi Group 1:1 1.415/0.71 

(HW/FW) 

Black 11/5 

Carapace 1:0 0.35 Green+yellow 2 

Salt Range Formation 1:2  1.415 Red 4 

HW=Hanging Wall and FW=Footwall 

 

The ramp geometry in the model SF43 is similar as shown Figure 5.1(a). 
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SURFACE SECTIONS  
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TRANSVERSE SECTIONS 

 

 

 

MODEL SF46 

Unite Name 
Ratio of thickness of 
Plasticine:Silicone 

Putty Laminae 

Final 
Thickness of 
Unit (mm) 

Colours of 
Plasticine 

Total 
Number of 

Layers 
Siwalik Group 2:1 2.31 Red 16 

Rawalpindi Group 1:1 1.54/.78 

(HW/FW) 

Green 11/5 

Carapace 1:0 0.39 Black, blue & 

yellow 

3 

Salt Range Formation 1:2  0.78 Red 4 

HW=Hanging Wall and FW=Footwall 

 

The ramp geometry in the model SF46 is similar as shown Figure 5.1(a). 
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SURFACE SECTIONS  
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TRANSVERSE SECTIONS 

 

 

 

MODEL SF49 

Unite Name 
Ratio of thickness of 
Plasticine:Silicone 

Putty Laminae 

Final 
Thickness of 
Unit (mm) 

Colours of 
Plasticine 

Total 
Number of 

Layers 
Siwalik Group 2:1 2.31 Red 16 

Rawalpindi Group 1:1 1.54/.78 

(HW/FW) 

Green 11/5 

Carapace 1:0 0.39 White+Black 3 

Salt Range Formation 1:2  0.78/0.39 

(HW/FW) 

Red 4/2 

HW=Hanging Wall and FW=Footwall 

 

The ramp geometry in the model SF49 is similar as shown Figure 5.1(b). 
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SURFACE SECTIONS  
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TRANSVERSE SECTIONS 
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MODEL SF55 

Unite Name 
Ratio of thickness of 
Plasticine:Silicone 

Putty Laminae 

Final 
Thickness of 
Unit (mm) 

Colours of 
Plasticine 

Total 
Number of 

Layers 
Siwalik Group 2:1 2.31 Red 16 

Rawalpindi Group 1:1 1.54 Green 11 

Carapace 1:0 0.39 Black & 
orange 

3 

Salt Range Formation 1:2  0.78 White, Green 

& Red 

4/6 

HW=Hanging Wall and FW=Footwall 

 

 

Schematic plan view of the model SF55 showing position of the mechanical boundary between 

the model Northern Potwar Deformed Zone and the southern Salt Range and Potwar Plateau. 

Across the mechanical boundary the frictional and ductile substrate have equal thicknesses. This 

configuration was used to model the evolution of Northern Potwar Deformed Zone over a 

frictional substrata.  
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SURFACE SECTIONS  
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TRANSVERSE SECTIONS 

 

 

 

MODEL SF58 

Unite Name 
Ratio of thickness of 
Plasticine:Silicone 

Putty Laminae 

Final 
Thickness of 
Unit (mm) 

Colours of 
Plasticine 

Total 
Number of 

Layers 
Siwalik Group 2:1 2.31 Green 16 

Rawalpindi Group 1:1 1.54/0.77 
(HW/FW) 

Red 11/5 

Carapace 1:0 0.38 White & black 3 

Salt Range Formation 1:2  0.7/0.38 Green & Red 4/4 

HW=Hanging Wall and FW=Footwall 
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Schematic plane view of the model SF58 showing positions of frontal and trailing frontal ramps 

connected by a tear fault. This configuration was used to model the Surghar Range (underlain by 

frictional substrata) and the central Salt Range and Potwar Plateau (underlain by ductile substrata) 

connected by possible Kalabagh Tear Fault.  

 

SURFACE SECTIONS  
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TRANSVERSE SECTIONS 
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MODEL SF59 

Unite Name 
Ratio of thickness of 
Plasticine:Silicone 

Putty Laminae 

Final 
Thickness of 
Unit (mm) 

Colours of 
Plasticine 

Total 
Number of 

Layers 
Siwalik Group 2:1 2.31 Red 16 

Rawalpindi Group 1:1 1.54/0.77 
(HW/FW) 

Green 11/5 

Carapace 1:0 0.38 White & black 3 

Salt Range Formation 1:2  0.7/0.38 Green & Red 4/4 

HW=Hanging Wall and FW=Footwall 

 

Model SF59 has similar basement configuration and frictional substrata on either side of the tear 

fault as shown in model SF58.  

 

SURFACE SECTIONS  
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TRANSVERSE SECTIONS 

 

 

 

MODEL SF61 

Unite Name 
Ratio of thickness of 
Plasticine:Silicone 

Putty Laminae 

Final 
Thickness of 
Unit (mm) 

Colours of 
Plasticine 

Total 
Number of 

Layers 
Siwalik Group 2:1 2.31 Red 16 

Rawalpindi Group 1:1 1.54/0.77 
(HW/FW) 

Green 11/5 

Carapace 1:0 0.38 White & black 3 

Salt Range Formation 1:2  0.7/0.38 Green & Red 4/4 

HW=Hanging Wall and FW=Footwall 
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Model SF61 has similar basement configuration as in model SF58 and 59 but in contrast has 

similar weak ductile strata on either side of the tear fault, . The model results show that a tear 

fault is unstable and rotated in clockwise direction and therefore, show no close relationship with 

the prototype. 

 

SURFACE SECTIONS  
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TRANSVERSE SECTIONS 

 


