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Abstract

The ENE-trending Himalayan fold-thrust belt in BR&&n exhibits contrasting
deformation styles both along and across the stiike centrifuge modelling technique has been
used to investigate these variations in structetgle. For the purpose of modelling, the Salt
Range and Potwar Plateau (SR/PP) stratigraphy éas brouped into four mechanical units.
From bottom to top these are the Salt Range Fommattarapace unit (Cambrian-Eocene
platform sequences), Rawalpindi Group, and Siwdlikoup. These stratigraphic units of
alternating competence, composed of thin layensladticine modelling clay and silicone putty,
rest on a rigid base plate that represents thdatlijme basement of the Indian plate. The models
are built at a linear scale ratio of <l @Lmm=1km) and deformed in a centrifuge at 4000w T
models are subjected to horizontal shortening blagse and lateral spreading of a “hinterland
wedge” which simulates overriding by the Himalaysogen (above the Main Boundary Thrust).

The models of the central SR/PP show that thestiooiary wedge develops a prominent
culmination structure with fault-bend fold geometyer the frontal ramp, while the eastern
SR/PP is more internally deformed by detachmemsfalault-propagation folds and pop-up and
pop-down structures. Model results show that thadition from fault-bend fold to detachment-
fold and fault-propagation-fold geometry in the tptgpe may take place in a transfer zone
marked by an S-bend structure (Chambal Ridge agidTika) at the surface and the lateral ramp
in the subsurface. Moreover, the models suggestthablique ramp below the Kalabagh strike-
slip connecting the two frontal ramps below the ghar Range and the central Salt Range
developed similar structure that can be observékdrprototype.

The model results also show that the Northern Bof@eformed Zone may have been
developed over ductile substrata due to the clivsigasity between the models and the prototype

structures.



The deformation style in the models illustrates ithportance of mechanical stratigraphic

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

INTRODUCTION

This thesis seeks to investigate the structuraluton of the Salt Range and Potwar
Plateau (SR/PP), northern Pakistan, by analog soalgelling using the centrifuge technique.
The foreland sequence of the SR/PP is construdtéalers of plasticine and silicone putty, of
controlled thickness ratios, and shortened horabnto replicate the initiation and progressive
growth of folds and thrust faults in the study arBlae main aim of this research is to resolve the
controversy of variation in the structural stylagtie SR/PP through mechanical stratigraphy and
basement structures (ramp systems). This study ailglb expand the understanding of the
structural style in the SR/PP by documenting thegpessive evolution of geological structures

that develop in centrifuge models and comparingdheith the prototype (SR/PP).

1.1. OVERVIEW OF THE AREA

The Himalayan fold-thrust belt developed due ®d¢bllision between the Indo-Pakistani
and Eurasian plates (Fig. 1.1). The southern maogithis belt within Pakistan is the SR/PP,
which is bounded to the west and east by the laddsthe Jhelum Rivers, respectively (Fig. 1.2).
Moreover, the Main Boundary Thrust (MBT) marks tierthern margin of SR/PP while the Salt
Range Thrust Fault demarcates its southern boun@aayis and Lillie, 1994; McDougall and
Hussain, 1991) (Fig. 1.2).

The SR/PP can be divided into three distinct stinat zones from north to south (Jaswal
et al., 1997; Jadoon et al., 1997). The NortherwBoDeformed Zone (NPDZ) is the region of
poorly exposed, tightly folded Miocene sedimentsdybetween the Kalachitta and the Hazara
Hill Ranges to the north, and the Khair-i-Murat Wiir Fault to the south (Leathers, 1987). The
NPDZ, lying in the footwall of the MBT (Fig. 1.3)s characterized by an imbricate duplex

structure with some of the faults exposed on thitasa while others remained buried in the sub-
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Modified after Jaswal (1990) as cited in Davis datlie (1994). The dashed
rectangle shows area of Figure 1.2
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surface (Jaswal et al., 1997; Jadoon et al., 192if)hermore, the deformation style of the NPDZ
also varies along the strike from an emergent tHrast in the west to a buried thrust front in the
east (Jaswal et al., 1997). The central SR/PP nspaaatively less deformed, occupied by the
broad, asymmetric Soan syncline with surface exmssof Siwalik sediments (Jaswal et al.,
1997; Jadoon et al., 1997). The southern SR/PRtddcto the south of the Soan syncline, is
characterized by salt-cored pop-ups and the emeigelh Range Thrust Fault (Jaswal et al.,
1997; Jadoon et al., 1997), and the Neoprotercaaityounger platform sequences (Cambrian-
Eocene) are thrusted on the Salt Range Thrust theePunjab Recent sediments (Davis and
Lillie, 1994; Bender and Raza, 1995; Kazmi and Adp2008).

The western Salt Range is separated from theraaSat Range by a transpresssional
zone known as the Kalabagh Dextral Zone (McDougatl Hussain, 1991) (Figs. 1.1 and 1.3),
which marks a structural relationship between tbhegBar Range and western SR/PP (Butler et
al., 1987) and is considered to have offset theipusly linear thrust front at the Surghar Range
and the SR/PP (trending WSW-ENE) for a distanc@0&im (Butler et al., 1987; McDougall and
Khan, 1990; McDougall and Hussain, 1991). The dagon of the Kalabagh Fault indicates that
it may be possibly underlain by a lateral ramp [@uét al., 1987).

Jaswal et al. (1997) suggested that the variatidhe structural style from north to the
south in the SR/PP may be related to absence asgnqme of the Neoproterozoic salt horizon,
respectively. In addition, the surface geology audbsurface data reflect that the SR/PP is
underlain by a gently northward-dipping basement #@s overall structure style is a “passive
roof duplex” (Jaswal et al., 1997). The lower dbtaent of the passive roof duplex lies within
the Neoproterozoic evaporates, and the upper daeaiwithin the Rawalpindi Group sediments
(Jaswal et al., 1997; Jadoon et al., 1997). Aloith ¥he ductile horizon of evaporite, the SR/PP
was translated towards the south as a more octgssent rock mass (Lillie et al., 1987; Baker et

al., 1988; Jaswal et al., 1997).
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(modified after Kazmi and Rana, 1982; Khan et1886). For location of the area,
see Figure 1.2.

1.2 PREVIOUS WORK

Due to the potential for hydrocarbon reserves, SRPP has long been the focus of
attention for structural geologists and is onehaf ¢arliest provinces in south Asia to have been
explored; for example, the Khaur anticline in Nofthkistan was drilled in 1914 and proved to be
the first oil discovery in south Asia (Khan et 41986).

Earlier studies on the SR/PP were carried out lyyphWe¢ (1878), Pinfold (1918), Cotter
(1933), and Gee (1945, 1947) (as cited in Shahy;18ender and Raza, 1995; Kazmi and

Abbasi, 2008). Cotter (1933) gave a comprehensieeunt of the stratigraphy and produced a



cross-section to illustrate the difference in gl style of the SR/PP with those of the adjacent
areas (Fig. 1.4). These pioneers provided a fousrd&br more recent geological investigations
and structural interpretations of the SR/PP. Tlea @& characterized by thin-skinned deformation
with a lower detachment within the Cambrian SalbgaFormation (Lillie et al., 1987; Butler et
al., 1987; Burbank and Beck, 1989). The presenca basement step (Fig. 1.5) and ductile
substrata of the Salt Range Formation in the areasanificant features of more recent
interpretations of regional tectonics (Baker et B088; Lillie et al., 1987; Blisniuk et al., 1998)
A similar basement step has also been suggestadderlie the Surghar Range (Butler et al.,
1987; McDougall and Khan, 1990; McDougall and Hirssi991).

Figures 1.4 and 1.5 illustrate that there is ngomeontrast in overall shortening from the
Kalachitta Range to the Salt Range. However, tlbtiaes are drawn with quite different styles,
reflecting progressive development in the concdptuaderstanding of accommodation of
shortening by folding (1933) to faulting (1987) otiee last half century.

Seismic data across the SR/PP are interprete@vieal that folds are cored by both
foreland- and hinterland-verging blind thrustsi $lmwed away from beneath the synclines into
the core of the adjacent anticlines, and fault-pgapion folds, triangular zones and pop-up
structures are common structural styles in the @remnock et al., 1989; Jaswal et al., 1997;
Jadoon et al., 1997).

Recently, the evolution of the SR/PP has beenstiyated using scaled sand-box
modelling (Cotton and Koyi, 2000). Their model résuwlemonstrated that the difference in
structure in the western and eastern SR/PP maitriluged to the nature of frictional and ductile
substrates. Also two different episodes of deforomaare reported in the evolution of the SR/PP
(Grelaud et al., 2002): an early normal fault weectivated into a major frontal thrust associated

with a gentle fold-thrust deformation distributext@ss a wide zone in the SR/PP.
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1.3 OUTSTANDING PROBLEMS

All of the above extensive research has led tmadgunderstanding of the structural
evolution of the SR/PP; however, little attenticastbeen paid to the significant contrast in the
structural style along the strike. The goal of thtsdy is to improve our understanding of
structural geometry as well as the kinematic amtbtéc evolution of the SR/PP. Based on the
previous work outlined above, it is apparent thegues such as the following should be
addressed.

1. There is apparently a major contrast in the strattstyle and the pattern of thrust
propagation along the western and eastern SR/RPthfiast sheet in the central SR/PP is
not as severely deformed compared to the easthvgtiows deformation by folding and
faulting. The emergent Salt Range Thrust Faultsfieams into a blind thrust in the
eastern SR/PP. This drastic change in the defaosmatyle in the two adjacent areas has
been suggested to be caused by the presence othadimping frontal ramp in the west
connected to the east by an east dipping latenap ia the east. Centrifuge modelling is
used to investigate the role of these parametetiseirvariation of structural style across
the SR/PP, and to demonstrate how displacememnansferred from one structure into
another in the SR/PP.

2. The Kalabagh Fault, which connects the Surghar Ramgl the SR/PP, is of unknown
origin. Modelling is employed to test whether ityrize underlain by a lateral ramp and
to investigate the influence of this basement ramphe structural style in the western
SR/PP.

3. A major contrast in the structural style in the thern Potwar Deformed Zone (NPDZ)
and the southern SR/PP exits; an attempt is madkstdve this problem by seeing if it is
caused by contrast in the shear strength of thal b@sachment (the absence or presence

of the salt horizon)



1.4 OBJECTIVES

The objectives of this thesis research were:
1. To use physical analog (centrifuge) modelling &t teypotheses regarding the structural
and kinematic evolution of the SR/PP, and, in palér, the influence of the mechanical

stratigraphy on the deformation style;

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

their interrelationship, and compare these obsiemgaiwith the SR/PP;

3. To replicate the role of basement ramp systemisarBR/PP. To examine the progressive
evolution of the central SR/PP in the presencerofithl ramp. How the lateral ramp
influences the structural style along the strikeSIR/PP. To observe a mechanism of
accommodation similar shortening in the eastern @amdral SR/PP in the presence of
frontal and lateral ramp system. Furthermore, todehothe western SR/PP with
underlying lateral ramp and illustrate its effenttbe structural style.

4. To investigate the evolution of NPDZ over a frict# or ductile substrata in the presence
of frontal and lateral ramp systems;

5. To understand the style of deformation in SR/PR@knd across the strike.

1.5. LAYOUT OF THE THESIS

The modelling conducted in this thesis is basedboblished maps and cross-sections
integrated with published seismic data. Chaptee@cdbes the stratigraphic units beneath the
SR/PP, which range in age from Precambrian to &tecChapter 3 presents the regional tectonic
setting, including the tectonic subdivision of tHanalayas, the tectonic features of the Pakistan
Himalayas, the synthesis of regional tectonic etimh) and western Himalayan fold-thrust belt of

Pakistan. Chapter 4 presents the centrifuge madetiéchnique, reviews previous centrifuge



modelling studies and describes the developmerd ofiodel mechanical stratigraphy of the
SR/PP. In chapter 5, the results of the model staidy described, including the role of the
geometry of the frontal and lateral ramp systerhestructural style of the SR/PP, the role of an
oblique ramp in the structural style of the west8RYPP (Kalabagh area) and the deformation of
NPDZ over ductile and frictional substrata. Chagteliscusses the deformation styles seen in the

centrifuge models and draws conclusions abouttthetsral 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, ranginggi@ ftom the Precambrian to the Recent,
well exposed in different parts of the country (Benand Raza, 1995). The earliest published
works date back to 1853 (Flemming), 1856 (T. Oldphat878 (Wynne), and 1893 (R. Oldham)
(as cited in Shah 1977; Bender and Raza, 1995; KaathAbbasi, 2008); since then, significant
work has been done to understand the stratigrapdigiences and their correlations across
different parts of the country (e.g., Shah 197 hdé® and Raza, 1995; Kazmi and Abbasi, 2008).

The Geological Survey of India carried out systiiengeologic studies in what is now
Pakistan and published the first organized workl®87 (as cited in Shah, 1977). Later on,
Pinfold (1918), Gee (1928-34), Eames (1951-52)c®a41950-1964) and Wadia (1919, 1957)
provided detailed accounts of the stratigraphienfavork in different parts of the subcontinent
(as cited in Shah, 1977; Kazmi and Abbasi, 200Be Geological Survey of Pakistan established
the “Stratigraphic Committee of Pakistan” in 1960hich organized and re-arranged the
stratigraphy of Pakistan. The stratigraphic codePakistan was formulated and a National
Committee in 1977 gave a comprehensive stratigraplay orderly manner and divided Pakistan
into the following geological Zones (Shah, 1977 zK@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

11
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Figure 2.1.Generalized map, showing sedimentary basins ankbgjeal zones of Pakistan. CF

Chaman Fault, OF Ornach Fault, JH Jacobabad Higis&godha High, TPH Thar

Parkar High, NPU Nagar Parkar Uplift (Modified afteadri, 1995). JH, SH, TPH,
and NPU are areas where the Indian Shield is exipose
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More recently an effort has been made to summattiee available stratigraphic
information and resolve the ambiguity between ktinatigraphic and biostratigraphic names, and
to describe in detail the stratigraphic sequencesirious tectonostratigraphic zones (Kazmi and

Abbasi, 2008).

2.2 STRATIGRAPHY OF SALT RANGE AND POTWAR PLATEAU

The Salt Range and Potwar Plateau (SR/PP) libénNorthern Indus Basin (see Fig.
1.3), where a sedimentary sequence ranging in @ye Neoproterozoic to Recent is exposed
(Kazmi and Abbasi, 2008). The stratigraphy of tmeaais well documented on the basis of
surface exposures in the Northern Potwar DeformmteZNPDZ) and Salt Range (Cotter, 1933;
Shah, 1977; Gee, 1980, 1989 as cited in BendeRazd, 1995; Kazmi and Abbasi, 2008), and
from well data obtained in the SR/PP (Khan et H.86; Pennock et al., 1989; Jaswal et al.,
1997). Generally, the strata in the SR/PP can beligided into four major units bounded by
unconformities (Jaswal et al., 1997; Blisniuk et, d1998; Grelaud et al., 2002; Aamir and
Siddiqui, 2006). The units are (1) Precambrian {@ozoic) basement rocks, (2) Neoproterozoic
evaporite sequence, (3) Platform strata (Cambrizeeke), and (4) the molasse sediments
(Miocene-Recent); and the unconformities are (1felRrecambrian-Early Neoproterozoic, (2)
Ordovician-Carboniferous, (3) Late Permain-Mesozaeicd (4) Oligocene in age. These

relationships are shown in Table 2.1.

2.2.1. Basement Rocks

Precambrian rocks are exposed in different pdrtkeolndus Platform, e.g., in the Nagar
Parkar area of Sindh, and the Sargodha-Shahpuorregfi Punjab (Bender and Raza, 1995;
Kazmi and Abbasi, 2008). The outcrops of thesesauk scattered in small hillocks (Fig.2.1), in

the alluvial plain of the Indus Basin (Bender arak& 1995; Kazmi and Abbasi, 2008). They

13



Mechanical
AGE GROUP | FORMATION DESCRIPTION THICKNESS (m) Stratigraphic Division
Soan Conglomerate and interbeds of sandstoneps#tsand claystone 1800
'-'ZJ PLIOCENE | Siwalik Dhok Pathan| Sandstone and claystone containingdesfsconglomerate in the upper part 500-1000  Siwalik Group
L Nagri Sandstone with subordinate siltstone & clay 00-2000 (2500m)
8 Chinji Claystone and sandstone 880-1165
i . Sandstone and claystone. The sandstone is grel,ltbdded; jointed; and -
% E Z | MIOCENE |Rawalpindi Kamlial calcareous 1200-1600 Raw?zlgggrln?roup
N | < Murree Alternative sandstone, siltstone and claysto 2000-2900
Q1E L OLIGOCENE
LUl lLI_J =z Chor Gali | Limestone with subordinate shale and marl 30-120
o IEIDJ EOCENE Charrat Sakesar |Nodular limestone with thin streak of s 33-500
@] Nammal | Marly shale and interbedded limestone 50-70
'i,J Patala Shale and marl with subordinate thin bedidegstone and sandstone 40-70
E PALEOCENE Lockhart [Nodular limestone with shale partit 5-70
Hangu Light grey sandstone and dark grey shale 13 —
MESOZOIC g
Chhidru | Thinly bedded limestone overlain by massiaedstone 67 L\oo/
- LATE Zaluch Wargal Sandy limestone with thin streaks of dolenaihd greyish shale 100 o
< Amb Interbedded sequence sandstone, limestonehatel s 83 g
O E Sardhai Predominantly shale with minor sandstomkciaystone 116 g
O | w . Warchha | Mainly sandstone with interbeds of shatedaystone 110 O
'C\)l o EARLY Nilawaha Dandot Interbedded of claystone, silt and shale 33
8 Tobra Massive clay, silt, and sandstone with pebhtel conglomerate at the base 183
:EI CARBONIFEROUS-ORDOVICIAN
o Baghanwala | Shales and interbedded sandstones 116
Jutana Thick-bedded to massive dolomite with simalee middle part 82
CAMBRIAN Jhelum Kussak Shale and dolomite with interbeds of glait@msandstone 48
Khewra |Thick-bedded sandstone with sparse claysand 64
NEOPROTEROZOIC Salt Range | Upper part is reddish claystone, dobanid shale, lower part is evaporitg 0-2000 1000m
PRECAMBRIAN | Phyllites, quartzite, metavolcanics intruded byodibés and gabbros (Basement Indian Shield) | Ndedri

Table 2.1. Stratigraphic column of the Salt Range-Potwar Rlatmodified after Pennock et al. (1989); Jaswalle{1997) (Dhurnal 3 well);
Grelaud et al. (2002); Aamir and Siddiqui (200&)eTast column to the right shows division of tiratigraphy of the Salt Range and
Potwar Plateau along with thickness in meters clemed for modelling during this study.
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mainly comprise metasediments (phyllites, quarszismd metavolcanic rocks) intruded by

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

2.2.2. Neoproterozoic

The Neoproterozoic Salt Range Formation is theesildedimentary unit that directly
overlies the Precambrian metamorphic basement enSR/PP (Pennock et al,. 1989). This
Formation is exposed along the peripheries of tatalagh in the western SR/PP (McDougall
and Hussain, 1991) as well as in the central Saitge towards the south (Kazmi and Abbasi,
2008) (Fig. 2.2). Similarly, the Formation is alspotted in the wells drilled in the southern
Punjab and along the eastern flank of the Sulaifolaiathrust belt (Davis and Lillie, 1994; Kadri,
1995) (Fig. 1.1). The presence of the salt is carsial to the north of the MBT (Yeats and
Lillie, 1991). In contrast, according to Kadri ()9 the evaporite basin may have extended
further to the north in the Hazara area (Fig. 1.23% suggested by the deposition of
Neoproterozoic gypsiferous beds. The major parthef Salt Range Formation consists of red,
gypsiferous claystone (“salt marls”) without anyapent bedding (Shah, 1977; Bender and Raza,
1995; Kadri, 1995, Kazmi and Abbasi, 2008). Thedowart of the Formation comprises beds of
marl and gypsum with bituminous shales and dolanibait the base of the Formation is not
exposed (Kazmi and Abbasi, 2008). The middle phthe Formation contains an alternation of
gypsum, dolomite, shale, siltstone with oil-shagdrs. The top of the Formation is marked by a
gypsum layer containing high-grade oil-shale oayef of highly altered volcanic rock known as
Khewra Trap (Shah, 1977; Bender and Raza, 1995;i KE&B5, Kazmi and Abbasi, 2008).
Sahwal Marl Member(oldest member)

a. Dull red marl beds with some salt seams and 10meteck gypsum bed on top (>
40m).

b. Bright red marl beds with irregular gypsum, dolarieds and Khewra trap (3-100m)

15
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Bhander kas gypsum member

This member comprises massive gypsum, dolomitenaarti (> 80m).

Billianwala Salt Member

The Billianwala salt member is largely composechematite-rich, dull red, gypsiferous marly
beds with thick seams of salt (> 650m).

It has been suggested that the evaporite bedéieofSalt Range Formation may be
deposited unconformably on the basement in a cestki shallow hypersaline marine
environment (Shah, 1977; Jaswal et al.,, 1997; Beade Raza, 1995; Jaswal et al.,, 1997;
Wandrey et al., 2004). Its upper contact with theeWra Sandstone of the Jhelum Group is
conformable (Bender and Raza 1995; Wandrey €2@04). In the type locality, the Formation is
more than 800m in thickness; however, in the Kdbativar region the thickness locally exceeds
2000m in some wells (Bender and Raza, 1995; KanaiiAbbasi, 2008). Due to the absence of
fossils, the age of the Salt Range Formation idrogarsial; however, based on its stratigraphic
position below fossiliferous Lower Cambrian seditseand above metamorphic Precambrian

basement, a Late Proterozoic age can be assigrenfkand Abbasi, 2008).

2.2.3 Cambrian

The evaporite deposits are overlain by Cambriastkgmf the Jhelum Group exposed
along the southern boundary of the SR/PP (Shah7;1®&nnock et al., 1989; Bender and Raza,
1995; Kadri, 1995). According to Shah (1977), tham®rian strata can be divided into four
formations in the SR/PP: the Khewra Sandstone, &ug$sormation, Jutana Formation, and
Baghanwala Formation. They are mainly composedimédtone, sandstone, and evaporites.
Limestone was deposited in shallow marine, sandstomon-marine and evaporites in lagoonal
environments on the passive continental marginhef Indian plate in Cambrian time (Kadri,

1995; Jaswal et al., 1997).
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The Khewra Sandstone consists of mostly reddiskbrto purple, fine-grained, thick-
bedded to massive sandstone with minor brown shtdecalations in the lower part (Shah, 1977;
Bender and Raza, 1995; Kadri, 1995; Kazmi and Abl2308). The formation has excellent
potential of hydrocarbon reserves in the SR/PP (Kdtaal., 1986), and may have been deposited
in an arid continental, near-shore to aeolian diotB as supported by the presence of cross-
bedding, ripple marks, mud cracks and rain-droptpr{Bender and Raza, 1995; Kadri, 1995;
Kazmi and Abbasi, 2008).

Overlying the Khewra Formation is the Kussak Fdiam which is largely composed of
sandstone, shale, greenish-grey siltstone intedubddth light grey dolomite and some dolomite
(Shah, 1977; Bender and Raza, 1995; Wandrey eR@0D4). It is also a major oil-producing
formation in the SR/PP (Wandrey et al., 2004), imdutcrops are exposed between Jogi Tilla in
the east and Chhidru in the west (Kazmi and Ablt28X8). It has also been encountered in wells
drilled in the southeastern SR/PP area and Punfb (Kazmi and Abbasi, 2008). It is about
50m thick in the eastern SR/PP.

The Jutana Formation overlies the Kussak Formadioth consists of thick-bedded to
massive, sandy dolomite with minor shale interdatest (Bender and Raza, 1995; Kadri, 1995).
The presence of glauconite in the lithological simt the Jutana Formation shows deposition in a
shallow marine to near-shore environment.

The Baghanwala Formation rests confirmably onlJtitana Formation (Shah, 1977). It is
composed of red shale, alternating with sandstdtteabbundant salt-pseudomorph casts (Khan et
al., 1986; Bender and Raza, 1995). Salt-pseudorsognid absence of fossils point towards

deposition in a restricted lagoonal environmentdiKal995).

2.2.4 Permian
At the end of Cambrian time, the SR/PP area wiagdaabove sea level with a break in

sedimentation, and erosion continued through theédaferous, which is marked by a major
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unconformity in the SR/PP (Bender and Raza, 19%®iriK 1995; Jadoon et al., 1997; Kazmi and
Abbasi, 2008). During the Carboniferous periodghpercontinent Pangea began to take shape as
continental plates drifted and ultimately weldeddon Pangaea (Kazmi and Abbasi, 2008). This
re-arrangement of continental plates had a majtwence on climatic changes with widespread
glaciations in Gondwanaland (Kadri, 1995; Kazmi abasi, 2008). The cold situation was
followed by a warmer continental environment, ahent shallow marine condition depositing a
diversity of sediments in the area (Shah, 1977 d8eand Raza, 1995; Kadri 1995; Jaswal et al.,
1997).

The Late Paleozoic rocks of SR/PP are of Permige and a complete, highly
fossiliferous Permian sequence is exposed in theRaage area (Bender and Raza, 1995; Kazmi
and Abbasi, 2008 (Fig. 2.2). The Permian successitime SR/PP is generally considered to have
been deposited in a shallow marine environment (kétaal., 1986; Kadri, 1995). Moreover, the
clastic sediments dominate the eastern SR/PP, whilgonate is more abundant in the western
and southern SR/PP (Bender and Raza, 1995). The addermian age in the SR/PP have been
divided into two groups (Table 2.1), the Nilawah@rmoup (predominantly clastic) and Zaluch

Group (mainly calcareous) (Shah, 1977; Bender aawhR1995; Kazmi and Abbasi, 2008).

2.2.4.1 Nilawahan Group

The Nilawahan Group consists of a 300 to 400mktlclastic sequence of interbedded
sandstones and shales deposited under continemtditions (Shah, 1977; Kadri, 1995; Kazmi
and Abbasi, 2008). The Group has been subdividexd Tiobra Formation, Dandot Formation,
Warchha Sandstone and Sardhai Formation.

The Tobra Formation is the lowest formation of tiNdlawahan Group with
unconformable lower contact with Bhaganwala Forara{Kazmi and Abbasi, 2008). It consists
of boulders, cobbles, pebbles and gravels of agidaus rocks in a silty, sandy and argillaceous

matrix (Shah, 1977; Kadri, 1995; Bender and RaZf5]1 Kazmi and Abbasi, 2008). The
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presence of striations on the surfaces of bouldedsa silty matrix points towards deposition in a
fluvio-glacial environment.

The Dandot Formation mainly consists of siltstgneandstones and shale/clays,
deposited in shallow marine and near-shore enviesnsn (Shah, 1977; Kadri 1995). This
Formation is 45m — 50m thick in the east and dea®doward the central part of the SR/PP
(Kazmi and Abbasi, 2008). The Formation is wellggmed in the east and central SR/PP but not
developed in the western SR/PP (Kazmi and Abb&8igR

The Warchha Sandstone is medium- to thick-beddetlis extensively distributed in
SR/PP (Shah 1977; Kadri, 1995). The presence afistame and some carbonaceous shale
suggest that it was deposited in fluvial and néara marine environments (Khan et al., 1986;
Kazmi and Abbasi, 2008).

The Sardhai Formation is mainly composed of bhgsdy, purple or reddish claystone
which becomes dark-violet to black towards the esesSR/PP (Shah, 1977; Kadri, 1995; Bender
and Raza, 1995; Kazmi and Abbasi, 2008). Thickoésse Formation in the SR/PP ranges from

50-70m.

2.4.2.2. Zaluch Group

A marine transgression marked the closure of ERdymian continental period, during
which the underlying clastic sediments of Nilawal@mup were deposited (Kazmi and Abbasi,
2008). The Zaluch Group mainly consists of marediments deposited during this transgression
between the Early Permian to Late Permian (KazrdiAbbasi, 2008). It has been divided into
three formations: the Amb Formation, Wargal Limestoand Chhidru Formation (Table 2.1,
Kazmi and Abbasi, 2008).

The dominant lithology of the Amb Formation isakito medium bedded calcareous

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

The Wargal Limestone is dominantly composed of iomed to thick-bedded sandy
limestone and dolomite with thin intercalationsdafk grey-black shale (Bender and Raza, 1995;
Kazmi and Abbasi, 2008). The Formation is rich sdils indicating a shallow marine
environment (Bender and Raza 1995).

The Chhidru Formation consists of dark grey, sasldsle, calcareous sandstone and
sandy limestone (Shah, 1977; Bender and Raza, 1988)Formation is less massive and more

sandy than the Wargal Limestone (Bender and R&&Hh)1

2.2.5. Mesozoic

The absence of Mesozoic rocks in the eastern SRIi@&Pbe due to non-deposition or
thin deposition, which may have been completelyaesd by erosion (Yeats and Hussain, 1987;
Jaswal et al., 1997). In contrast, Mesozoic rocksngell preserved in the western SR/PP (Bender
and Raza, 1995) (Fig. 2.3). Therefore, the Mesogmarepresents an unconformity in the central
and eastern SR/PP (Table 2.1). Elsewhere in Pakithe known Mesozoic rocks are mainly
composed of limestone, sandstone and shale. I8dbthern Indus Basin, the Mesozoic rocks are
largely marine, calcareous and argillaceous anceraévhousand meters thick (Kazmi and
Abbasi, 2008). In the Northern Indus Basin (SR/Ritt), the thickness of the Mesozoic rocks
decreases and the sequence contains substantiahtmod clastic deposits (Kazmi and Abbasi,
2008).

The Lower Triassic strata in the western SR/PPpr® the Mianwali Formation. The
Formation consists of marl, limestone, sandstond, dolomite (Kazmi and Abbasi, 2008). The
Jurassic Samana Suk Formation mainly consistsv@dione in the western SR/PP (Bender and
Raza, 1995; Kazmi and Abbasi, 2008). The Cretac&bushali Formation of the western SR/PP

includes a lower sandy glauconitic, shale membemiddle sandstone member and an upper
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glauconitic sandstone member (Shah, 1977; KazmiAdoihsi, 2008). Most of these formations
are thin in the western SR/PP and their thickneseeases further to the west in Kohat Plateau,

Khisor Range and Samana Range.

KHISOR RANGE SURGHAR SALT RANGE
RANGE Western part of Chhidru
Salt,Range Sgl'(ggar Nila Wahan Eastern part of
iyi i l gorge Salt,Range
Saiyiduwali . l
M
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Figure 2.3. Diagrammatic section of the Upper Proterozoic (Netgrozoic) to Tertiary
sequences of the Salt Range-Khisor Range (after £389, as cited in Bender and

Raza, 1995; Kazmi and Abbasi, 2008)

2.2.6. Paleocene

During the Paleocene time, the major event in Hayen geology was the collision
between the western margin of the Indian platethadhfghan block (Beck et al., 1995), which is
considered the first encounter of the leading edigéthe Indian Plate with the Eurasian plate
(Powell and Coneghan, 1973; Powell, 1979; Becklet1895). This tectonic activity largely
affected the thickness of Paleocene rocks deposiiithe sedimentary basins of Pakistan (Kazmi
and Abbasi, 2008).

Paleocene rocks are widely distributed in SRAAB. 2.2) and the dominant lithology is
limestone with variable portions of shale, sandstand conglomerate (Kadri 1995; Bender and

Raza, 1995; Kazmi and Abbasi, 2008). Three Paleofmmations, the Hangu, the Lockhart, and
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the Patala, have been recognized in the SR/PP (SI841T). In the Early Paleocene, normal
marine sedimentation resumed with the sedimentatidhe Hangu Formation in coastal settings
(swamp), the Lockhart Limestone in shallow wated dhe Patala Formation deposited in a
shallow marine to deltaic environment along thdfsmargin of the Pakistan-India plates (Shah,
1977; Kadri, 1995; Bender and Raza, 1995; Warwicd.e2007; Kazmi and Abbasi, 2008).

The Hangu Formation largely consists of fine- tarse-grained, silty and ferruginuous
sandstone, grading upward into fossiliferous slaalg calcareous sandstone (Shah, 1977, Kadri
1995). In western SR/PP the Formation is about 4&iok and is composed of grey sandstone,
grey to brownish grey clays and medium-thick beddeskiliferous limestone (Kazmi and
Abbasi, 2008). Farther to the east in the centRIP®, it unconformibly overlies the Zaluch
Group of Permian age (Bender and Raza, 1995; Kaardi Abbasi, 2008) (Fig. 2.3). In the
eastern SR/PP, the Formation unconformibly ovetlies Nilawahan Group (Permian), and is
about 5m thick (Kazmi and Abbasi, 2008).

The Lockhart Limestone is medium-thick bedded, sivas rubbly and brecciated with
minor shale (Shah, 1977; Bender and Raza, 1995nKazd Abbasi, 2008).

The Patala Formation largely consists of shalagdtone and sandstone (Shah, 1977,
Bender and Raza, 1995; Kazmi and Abbasi, 2008). ddukhart and Patala Formations have
major hydrocarbon reserves in the SR/PP (Wandregl.e2004). The Hangu and the Patala

Formations are readily exploited for coal depo@iarwick et al., 2007).

2.2.7. Eocene

In response to early Eocene collision sea leval gtwnged as the region was raised, and
as consequence affected the pattern of sedimemiatibhe Himalayan fold-thrust belt, along with
the development of a large shallow sea (Kazmi abtha&i, 2008). The Eocene strata of the
SR/PP deposited in this shallow sea are the Narforahation, the Sakesar Limestone, and the

Chor Gali Formation (Kazmi and Abbasi, 2008) (TaBl&). According to Kadri (1995) and
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Wandrey et al. (2004), the Eocene rocks have sogmif contribution toward the accumulation of
hydrocarbon potential, and provide large resernwgirsommercial significance in Pakistan.

The Nammal Formation consists of shale, marl amgill@ceous limestone and is well
developed in SR/PP (Shah, 1977; Bender and Ra2&).19

The Sakesar Limestone, the most prominent Eoderestone in the SR/PP, consists of
grey, nodular to massive limestone (Shah, 1977;dBemnd Raza, 1995; Kadri, 1995). The
thickness of the Formation is variable across tR&P® (Shah, 1977; Bender and Raza, 1995).

The Chor Gali Formation consists of thin-beddedygrpartly dolomitized and
argillaceous limestone with soft calcareous shaterbedded with limestone in the upper part
(Bender and Raza, 1995). The Formation is aboutni®i@ick at the type location in the Khair-e-
Murat Range in SR/PP.

The entire Oligocene record is missing from the/FFR and is marked by a major
unconformity between Eocene and Miocene rocks @all, Bender and Raza, 1995; Kazmi and
Abbasi, 2008). From the Miocene onward only fluidadiments of the Rawalpindi and Siwalik
Groups have been deposited in the SR/PP (Pennatk &089, Wandrey et al., 2004). The post-
collisional molasse deposits of the Rawalpindi &idalik Groups provide evidence for the

continued uplift in the Himalayan orogeny (Johnsoal., 1979).

2.2.8. Miocene

The Miocene rocks of the Rawalpindi Group in thFP are subdivided into the Murree
and Kamlial Formations (Table 2.1). Rawalpindi Graacks are widely distributed in the NPDZ
(Jaswal et al., 1997) and in the southern parhef3SR/PP (Fig. 2.2). The clastic rocks of the
Rawalpindi Group were deposited in fresh water amanly consist of sandstone, clay and
subordinate conglomerate (Shah, 1977; Bender amd,R895; Kadri, 1995; Jaswal et al., 1997,

Kazmi and Abbasi, 2008).
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The Murree Formation is generally composed ofrad#teng beds of sandstone and
shale/clay (Shah, 1977; Bender and Raza, 1995; Kamoh Abbasi, 2008). The sandstone is
coarse grained and the clay is red to purple inwrolKazmi and Abbasi, 2008).

The Kamlial Formation consists of mainly grey tick-red sandstone interbedded with
purple shale and intraformational conglomerate §S8877; Bender and Raza, 1995; Kazmi and
Abbasi, 2008). The Formation is distinguished frtme underlying Murree Formation by its

spheriodal weathering (Shah, 1977; Kazmi and Ahl284)8).

2.2.9. Pliocene

Due to the rising Himalayan mountains, large guiastof clastic sediment were shed
down and carried to the south by river systemsnduthe Pliocene time, known as Siwalik
Group/molasse (Johnson et al., 1982). These setinaea well studied and described from the
southern SR/PP (Fig. 2.2) and comprise mudstonasdstones and coarsely bedded
conglomerates (Shah, 1977; Bender and Raza, 1985mKand Abbasi, 2008). The Siwalik
Group includes the Chinji Formation, Nagri Formatidhok Pathan Formation and Soan
Formation (Shah, 1977; Bender and Raza, 1995; KamahiAbbasi, 2008).

The Chinji Formation is present throughout the FFR/ The Formation is mainly
composed of red clay with subordinate grey sanéstord scattered lenses of interformational
conglomerate (Shah, 1977; Kadri, 1995). The Fownats 1200m thick at Khaur dome in the
SR/PP (Kazmi and Abbasi, 2008).

The Nagri Formation is largely composed of thigddted, medium- to coarse-grained
sandstone interbedded with subordinate sandy aldycanglomerate (Shah, 1977; Bender and
Raza, 1995; Kadri, 1995; Kazmi and Abbasi, 2008)e Formation is 500m thick in eastern
SR/PP and 1800 m thick at Khaur dome in SR/PP (Kameh Abbasi, 2008).

The Dhok Pathan Formation is composed of altamgabieds of sandstone and clays

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

The Soan Formation mainly consists of massive loongrate with subordinate
sandstone, siltstone and clay, exposed along tie dixSoan Syncline in the eastern SR/PP

(Bender and Raza 1995) (Fig. 2.2). It is over 1@dthick in SR/PP (Kazmi and Abbasi, 2008).

2.3. UNCONFORMITIES

The above-described stratigraphy of the SR/PRusiteed by four unconformities (Table
2.1). The lowermost non-conformity divides the umglag metamorphic basement rocks from
the overlying Neoproterozoic Salt Range Formatidazfmi and Abbasi, 2008). The Salt Range
Formation was deposited unconformibly over the edodsurface of the deformed and
metamorphosed Proterozoic/Precambrian rocks (KamuiAbbasi, 2008). At the closure of the
Proterozoic, large areas of the Indo-Pakistan suireent were raised into a landmass (Kazmi
and Abbasi, 2008). This was followed by extensivecturing, rifting and subsidence which
developed sedimentary basins of various sizes (Kamoh Abbasi, 2008). During the non-marine
and marine transition period in the Late Proterozthie Salt Range Formation was deposited
unconformably in a restricted, shallow-marine, agidvironment over the Proterozoic rocks
(Bender and Raza, 1995; Kazmi and Abbassi, 2008).

Due to the termination of sedimentation in the RAt the end of the Cambrian Period,
the time gap is marked by a long hiatus stretchirmm the Early Ordovician to Late
Carboniferous (Jadoon et al., 1997; Bender and ,R&85; Kazmi and Abbasi, 2008). The break
is represented by an angular unconformity at theebaf the Permian, characterized by a
widespread boulder bed (the Tobra Formation) (Beraohel Raza, 1995; Kazmi and Abbasi,
2008).

A third hiatus, a paraconformity, separates thesd#eic shelf sediments from the

Paleozoic sequence in the central and eastern SB#A@Bon et al., 1997; Bender and Raza, 1995;
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Kazmi and Abbasi, 2008) (Fig. 2.3). The unconfoynsiiggests a break in sedimentation and also
active tectonism in the foreland sedimentary bédsazmi and Abbasi, 2008).

During Oligocene time, as a result of continemallision, an extensive area of north
Pakistan was uplifted and exposed to erosion (Kaana Abbasi, 2008). This unconformity
marks the time break between the end of marinenssmdation and start of fluvial sediments

(Kazmi and Abbasi, 2008).

2.4. MECHANICAL STRATIGRAPHY

Mechanical stratigraphy substantially influencegodmation style in fold-thrust belts
(Woodward and Rutherford Jr, 1989; Turrini et &001). According to Davies et al. (1983),
deformation in sedimentary basins is primarily coled by brittle deformation. Moreover, in
competent rocks (sandstone, carbonates) fractubemn at high angle to the bedding, while in
incompetent rocks (shale and evaporites), theurastlikely to develop almost parallel to the
bedding (Ferril and Morris, 2008). Usually, thickses of competent units remain uniform during
deformation while incompetent units undergo thidaehanges through layer-parallel shortening
(Ferrill and Morris, 2008). “Thick competent unétso determine the wavelength of major folds
in the deforming sequence, and incompetent stradatldin competent interbeds conform to the
shape imposed on them by the folds of the dominantpetent member” (Currie et al., 1962 as
cited in Ferrill and Morris, 2008).

Recognizing the primary importance of mechanitedtigraphy on the structural style,
SR/PP has been divided into four mechanical unitkis study for the purpose of modelling. The
identification of the mechanical stratigraphy ofetlsR/PP is fundamentally based on the
composition and the role of the units in contribgtto the structure style.

With the exception of the Neoproterozoic Salt RaRgrmation and the molasse Siwalik

Group, Figure 2.3 shows that stratigraphic sucoessacross the SR/PP are highly variable.
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However, the overall stratigraphic units of the BR/have been considered uniform while
conducting modelling of the prototype.

Of the four mechanical units represented in thedef® in this thesis the lower
mechanically weak unit | represents the Salt Rdrgenation. The Formation provides a major
decollement in the western Himalayan fold-thrudt. BEhe major contrast in the structural style
in the eastern and western Himalayan fold-thrudit Hees been attributed to the variation in the
basal decollement. With the presence of a weakléacent (the Salt Range Formation), the
deformational front is easily displaced towards $beth in Pakistan as compared to India in the
east. The mechanically strong platform rocks inicigdcarbonates and sandstone of Permian-
Eocene are grouped as unit Il in the models. Inpteotype, these mechanical units are cut
across by thrust faults. The mechanically weak ssaasediments of the Rawalpindi Group
comprise unit lll, consisting of sandstone-siltg@nd shale in equal proportions. In the SR/PP,
the lower part of the Rawalpindi Group is faultedile the upper part is dominated by folding.
The molasse sediments of Siwalik Group consiselgrgf sandstone. The molasse sediments of
this Group have experienced only folding in thetgtype. Due to the high sandstone content, the
molasse of this Group is mechanically strong andefesented 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, mountains&tm at zones of plate convergence,
and the largest belts with greatest crustal thisknend highest elevations are associated with
continent-continent collisions. The Himalaya, ther's youngest and highest orogenic belt, is
the consequence of a continent-continent collisietween the Indo-Pakistan Plate in the south
and the Eurasian Plate in the north (Tahirkhedlgt1979; Windley, 1983; Coward, et al., 1987;
Yeats and Hussain, 1987). This continent-contirelfiision started during Early Eocene or Late
Paleocene times (Searl et al., 1987; Beck et 885}, following the closure of the Neo-Tethys
Ocean (Searle and Treloar, 1993). The collisiorezoetween the Indian plate and Eurasian plate
is known as the Indus-Tsangpo Suture (Gansser,, 185 ited in Valdiya, 2002), while in
Pakistan it is known as the Main Mantle Thrust (Tidieli, 1979, 1982).

Various micro-continents and more than one islaraare involved in this collision
(Dietrich et al., 1983; Searle, 1991), for exampihe, Karakoram Plate, the Kohistan Island-Arc,
the Afghanistan Block, the Turan Block, and theeTiBlock converged and collided with the
southern margin of the Eurasian Plate during Mesazwoe (LeFort, 1975, Windley, 1983) (Fig.
1.1). Moreover, due to this convergence and colisithe Indian crust has deformed by
significant horizontal shortening and south-dirdctarusting (Powell, 1979), along with the
development of the Himalayan fold-thrust belt (Benénd Raza, 1995; Kazmi and Abbasi,
2008). The Salt Range and the Potwar and Kohatqulat northern Pakistan, occupy the western
part of the Himalayan fold-thrust belt, with a thisuccession of molasse sediments (Davis and

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

The collision between the Indian plate and Eurapiate has created the longest (2500-
km) orogenic belt of the Himalayas (Valdiya, 2002ht only is this collision responsible for the
creation of the world’s longest and highest mountdiain but also the largest elevated plateau on
the surface of the Earth, the Tibet Plateau. Fumbee, the Himalayas is the tectonically most
active collision zone in the world, extending weatd from Burma, through northern India,
Nepal and southern Tibet, into northern Pakistaenfier and Raza, 1995) (Fig. 1.1). Due to
underthrusting of the northern part of the IndoiB@k plate beneath the Eurasian plate, the
Himalayas and the Tibet Plateau are lying at avatien of ~5km above sea level (Argand, 1924;
Holmes, 1965; Powell and Conaghan, 1973, 1975; ®&twseet al., 1975, as cited in Ali and

Aitchison, 2005) (Fig. 3.1).

Northern edge of

a. the Tibet Plateau
Indian Himalayan Tibet Tarim
Craton Mountains Plateau Basin
South North

| N 202——
Indian continent
under-thrusting Tibet

Kunlun Shan Tethys
Altyn-Tagh

Madagascar

Antarctica

Figure 3.1.As a result of under-thrusting of the Indian Pl@g the Himalayas and Tibet Plateau
are underlain by the Indian Continental Crust (N)P., W.P. and E.P are the
Naturaliste, Wallaby and Exmouth Plateaus, respelgti{Ali and Aitchison, 2005).
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During the Paleozoic Era, all of the continent§tell to form a super-continent, known
as Pangea (Kazmi and Abbasi, 2008), the assemblyhah was completed in Permian time
(Windley, 1984). The Paleozoic assembly of Pangé&a, Gondwana at its southern part, resulted
from reorganization of a prior supercontinent (Rl that existed at about ~1000 Ma (Rogers et
al., 1995). Pangea remained intact for about 100 ontil the Early Jurassic when this single
landmass fragmented into two major pieces, Laurasthe north and Gondwana in the south,
separated by the Tethyan Ocean (Windley, 1984).

The Indian plate was located in the southern hgneie from the Permian to mid-
Jurassic times between Africa, Antarctica, and ralisin plates (Wandrey et al., 2004) (Fig. 3.2).
In the mid-Jurassic (~ 167 Ma ago) Australia, Inal the Antarctic started to move away from
Africa (Wandrey et al., 2004), while in the Earlyefaceous (~130 Ma ago), Indo-Pakistan
separated from Gondwanaland and drifted northw@atering warmer latitudes) toward Eurasia
(Johnson et al., 1976; Wandrey et al., 2004) (&ig). As the Indian plate drifted northward and
at the same time rotated counterclockwise, it sfoednsumed the Tethyan Ocean, creating a
series of arcs known as the Kohistan-Ladakh, Namisind Kandhar island arcs (Treloar and lzatt,
1993; Wandrey et al., 2004).

The initial phase of the Himalayan Orogeny is |sgjgd to have started by the Middle
Cretaceous (~90 Ma ago), when the Kohistan Islamdtétrain collided with the southern margin
of the Karakoram Plate, and continued until Earbgéne times (Hodges, 2000). The Indian plate
traveled a distance of ~5000 km toward the nordioie colliding with Eurasia ~ 55 Ma ago
(Johnson et al., 1976; Hodges, 2000). Between 8558nm.y., as a result of this collision, the
northward movement of the Indo-Pakistan plate stbwewn from 15-25 cm/yr to about 4.5
cm/yr (Powell, 1979; Patriat and Achache, 1984} aroreover, accommodated a shortening of

about 2600£900 km (Patriat and Achache, 1984).
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Middle-Eocene (~ 50 Ma) Late-Oligocen Epoch (~27 Ma)

Figure 3.2.Paleogeographic maps through Middle-Jurassic te-Ddigocene Epoch (After
Scotese et al., 1988; Scotese, 1997, as cited i et al., 2004).
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3.3. TECTONIC SUBDIVISION OF THE HIMALAYAS

Generally, the Himalayas can be divided into twamad regions: the hinterland
(metamorphosed) and foreland (un-metamorphosedszf@oward et al., 1988). The hinterland
zone is located immediately to the south of therMidiantle Thrust and comprises crystalline
rocks, while the foreland comprises successiorsirafified sedimentary rocks to the south of the
MBT (Coward et al., 1988) (Figs. 1.1, 3.3a, andR.3n another classification, the Himalayas
are divided into six longitudinal tectonic zonesaffaser 1964, 1980, as cited in Windley, 1983;
Valdiya, 2002). From north to south these zonestaeKarakoram Range, the Trans-Himalaya,
the Indus Suture Zone, the Higher Himalaya, thesee&he 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 bathslitextends for about 600 km along the
orogen and has a width of 150 km (Windley, 1988jotms a convex-to-the-north belt located
along the southern border of the western part béfgin Plateau and north of the Northern Suture
Zone (Windley, 1983; Bender and Raza, 1995) (Fi§a)3 The Kohistan Island Arc accreted
along the Main Karakoram thrust fault to the southedge of the Karakoram block during Late

Cretaceous time (Windley, 1983; Bender and Raz@5;1Razmi and Abbasi, 2008).

3.3.2 The Trans-Himalaya
The Trans-Himalayan Batholith is situated to tletim of the Main Mantle Thrust/Indus-
Tsangpo Suture (Windley, 1983; Valdiya, 2002). Thime stretches discontinuously over a
distance of 2700 km between Afghanistan and BuBesmder and Raza, 1995). It can be divided
into the Kohistan Batholith in the west and the &ldd Batholith in the east, with the intervening

Nanga Parbat Syntaxis (Fig. 3.3a).
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Figure 3.3b. Schematic cross-section through the Central HinzalayNepal (After Mitchell,
1979, as cited in Windley, 1979). Symbols are sintib the Fig. 3.3a.
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3.3.3 The Indus Suture Zone

This suture zone marks the boundary between ttheRakistan plate and Eurasian plate
with the Kohistan-Ladakh arc on the west and theasahblock of Tibet block in the east
(Tahirkheli, 1982; Windley, 1983; Valdiya, 2002)idF 3.3a). Ophiolite rocks are found in
isolated patches along the entire length of thigreuizone (Windley, 1983). In Pakistan the suture

zone is known as the Main Mantle Thrust (Tahirkle¢lal., 1979).

3.3.4. The Higher Himalaya

The Higher Himalaya is the belt of the topograpljc highest mountains (Windley,
1983). It can be divided into three key componéiimdley 1983):
1. The high-grade metamorphic belt
2. The metamorphic belt, overlain by the Tethyan z@xtending along the
southern margin of Tibet Plateau in the east, tasKar in the west. It is
composed of Cambrian-Eocene Tethyan sediments (&inti983).
3. Thrust klippen and ophiolites derived from the laciuture Zone
The Main Central Thrust (MCT) separates the Hightmalaya from the Lesser
Himalaya (Windley, 1983) (Figs. 3.3a & 3.3b). Th&€Mis well developed in eastern and central
Himalaya but to the west its extension beyond Kagig controversial in north Pakistan
(Windley, 1983; Valdiya, 2002). Therefore, it isffdiult to make a distinction between the

Higher and Lesser Himalayas in Pakistan (Valdiy2).

3.3.5. Lesser Himalaya

The Lesser Himalaya is bounded on the north byMh& Central Thrust Zone and on

the south by the Main Boundary Thrust (Windley, 3p@-igs. 3.3a, 3.3b). It is composed of a 20
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km thick thrust pile of Proterozoic gneiss, thiclébzoic strata and thin Mesozoic sediments

with some Cambrian granite (Windley 1983).

3.3.6. Sub-Himalaya

The sub-Himalaya is the most southern zone oHingalayan mountain belt (Windley,
1983; Valdiya, 2002). Its northern boundary is nearlby the Main Boundary Thrust, and the
southern edge is delimited by the Salt Range Thviaéh Frontal Thrust (Valdiya, 2002) (Figs.
3.3a, 3.3b). The area is composed of terrestrigihsmts of the Rawalpindi and Siwalik groups

derived from the rising Himalaya (Johnson et #82).

3.4. MAJOR TECTONIC FEATURES OF THE PAKISTANI HIMLA YAS

The Pakistani Himalaya (Fig. 3.4) is commonly ded into four tectonic slices bounded
by north-dipping fault systems: the Main Karakorahrust, the Main Mantle Thrust, the Main
Boundary Thrust, and the Salt Range Thrust (Fatadl.e1984; Yeats and Lawrence, 1984).
North of the Main Karakoram Thrust lies the Karakwar Range and Hindu Kush, sutured to
Eurasia (Turan block) in the Late Triassic-Middlgaksic (Sengdr, 1979) (as cited in Pennock et
al., 1989). The Kohistan block is an island arcdsé@ohed between the Main Karakoram Thrust
and Main Mantle Thrust (Jan and Asif, 1981; Tah&lkh1982; Farah et al., 1984), which became
attached to Eurasia in the Late Cretaceous (Windl@g3) to early Eocene (Kennett, 1982).
Zeitler et al. (1982) suggest that the Main Maritheust became inactive ~15 Ma ago, following
a period of uplift north of the fault between 30¥%&. During the early Miocene, deformation
transferred to the Main Boundary Thrust (Bird, 1978ong which Tertiary rocks are thrusted
over the molasse sediments of the SR/PP and KdhtdaR (as cited in Pennock et al., 1989).
More recently (~0.4Ma), the ongoing shortening haen transferred to the Salt Range Thrust

(Yeats et al., 1984) (Fig. 3.4) (as cited in Pehknatcal., 1989).
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Figure 3.4.Generalized tectonic map of Pakistan emphasiziagmehts of the active Himalayan
foreland thrust belt and the location of the Makeacretionary wedge. MKT Main
Karakoram Thrust, MMT Main Mantle Thrust, MBT MaBoundary Thrust, CMF
Chukhan Manda Fault, IB Islamabad, K Karachi, Ktk KF Kingri Fault, KFTB
Kirthar foreland-and-thrust belt, KMF Kurram FaulKkRF Kirthar Fault, NR
Nagarparkar ridge, ONF Ornach Nal Fault, P PeshaRfarPab Fault, Q Quetta, S
Sargodha, SFTB Sulaiman foreland fold-and-thrudt, li8H Sargodha basement
high, SR/PP Salt Range/Potwar Plateau, SRT Salgd&dihrust, 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 af@iyan fold-thrust belt developed by

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

of south-verging thrust faults (Coward and Butl€383; Hodges, 2000). In Pakistan, the

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

belt into three main tectonostratigraphic zonesz(fieand Abbasi, 2008), as shown in Table 3.1.

The Main Boundary Thrust and Salt Range Thrusttlagemajor members of this fault system

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

Table 3.1 Tectonistratigraphic zones of the Himalayan fibidsst belts in Pakistan (Kazmi and

Abbasi, 2008).

Kohistan Sequence

Main Mantle Thrust (MMT)

1. a. Zone of crystalline nappes
b. Khyber-Hazara metamorphic belt

Khairabad-Panjal Fault

2. Sufaid Koh-Attock-Cherat-Lower Hazara 3. Hazara-Kashmir Syntaxis
meta-sedimentary belt

Main Boundary Thrust (MBT)

(Murree-Parachinar Fault)

4. a. Kohat-Potwar Fold-Belt
b. Khisor-Marwat-Salt Range Fold-Thrust Belt

Salt Range Thrust

Indus Platform Sequence

The rising mountains developed during the Himatageogeny provided a new source of

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

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

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

and Lillie, 1994) (Fig. 3.4). As the deformationopagated in sequence from hinterland to
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foreland, a system of southward-younging thrustt$adeveloped in Pakistan (Davis and Lillie,
1994). No doubt, the Pakistani fold-thrust belpast of the Himalayan orogeny; however, there is
diversity in structural style from the Kashmir feddrust belt in the NW to the Makran
accretionary wedge to the south, which is causedvdnyations in lithological thicknesses,

detachment horizons, and fluid pressure (Davislalfid, 1994).

3.5.1. Salt Range/Potwar Plateau

The Salt Range and Potwar Plateau (SR/PP) comanseast-west trending fold-belt,
located in the western deformed portion of the Hayan fold-thrust belt (Kazmi and Abbasi,
2008) (Fig. 3.5). The belt is ~ 150 km wide in é&Ntrection, and is bounded to the north by the
Main Boundary Thrust and to the south by the Salige Thrust. Moreover, the Kalabagh dextral
and Jhelum sinistral strike-slip faults define vtestern and eastern boundaries, respectively
(Sarwar and DeJong 1979; Kazmi and Rana, 1982;sYatadl., 1984; Coward et al., 1986; Gee,
1989; Yeats and Lawrence, 1984, as cited in BeaddrRaza, 1995; Kazmi and Abbasi, 2008)
(Fig. 3.6). A sedimentary sequence ranging from pMeterozoic to Recent is exposed in the
SR/PP (Bender and Raza, 1995; Kazmi and AbbasB)200the presence of the Neoproterozoic
ductile Salt Range Formation, the deformation ggsibgressed far into the foreland, because the
Salt Range Formation provided a weak detachmentdroin the SR/PP (Sarwar and DeJong

1979; Lillie et al., 1987; Butler et al., 1987) ¢FB.5).

The Potwar area has little relief, and has bedadcthe Potwar depression (Khan et al.,
1986), with thick post-collisional molasse deposifs the Rawalpindi and Siwalik Groups
(Johnson et al., 1982; Jadoon et al., 1997, Jastnall, 1997). The northern part of the SR/PP is
highly deformed, the central part shows very lidieformation, while in the south most of the
deformation has been accommodated along the SafjeRahrust (Lillie et al., 1987; Davis and

Lillie, 1994).
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Foreland

Figure 3.5. Tectonic map of the Himalayas, showing the Himafalfareland in North Pakistan.
Chaman Fault, Indus suture zone, Main Boundary §thMain Frontal Thrust; Main
Mantle Thrust, Salt Range-Potwar Plateau (SR/PRydifiéd after Jadoon et al.,
1997. The shading displays far movement of SR/PRRaris the south in the
presence of a weak horizon (Salt Range Format®epmpared to eastern foreland.
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Figure 3.6.Generalized structural map of the SR/PP also stgpWohat Plateau (Kazmi and
Rana, 1982; Khan et al., 1986; Law and et al., 189&ited in Wandrey et al., 2004)

Toward the south, the Salt Range is an east-ramthteending highland with both ends
turned toward the north (Bender and Raza, 1995nand Abbasi, 2008). To the west, the
range is truncated from the Surghar Range by tHabidgh Fault zone (Gee, 1980, as cited in
McDougal and Khan, 1990), which is a prominent Bu&ictural feature formed after the uplift of
Surghar Range along the emergent thrust (McDowgell Hussain, 1991), while the Salt Range
rises above the Punjab Plain and exposes oldda sitahe surface (Kazmi and Abbasi, 2008).
Hence, the sediments of the Punjab Plain are undefy with the development of the current
“foredeep” of the Pakistan Himalayas. Precambriaseiment (Indian Shield) exposed in the
Kirana Hills/Sargodha High represent the forebutigeloped in response to sediment loading in

the foredeep (Farah et al., 1977; Seeber et 81I1¥eats and Lawrence, 1984; Duroy, 1986, as

cited in Bender and Raza, 1995; Kazmi and Abb&£)8

41



3.5.2. Structural Geology of Salt Range/Potwar Plagu

The SR/PP of Pakistan represents the external most recent expression of the
Himalayan foreland fold-thrust belt detached upbe ductile horizon of the Salt Range
Formation (Lillie et al., 1987; Baker et al., 198%&ume and Lillie, 1988, Pennock et al., 1989;
Davis and Lillie, 1994; Jadoon et al., 1997, Jasgtadl., 1997; Blisniuk and Sonder, 1998). In
contraction belts, a weaker detachment, such asmals a significant role in controlling its
evolution and structural style (Davis and Engeld®85; Butler et al., 1987). The presence of a
ductile substrate will produce weak friction alaihg basement such that the maximum principle
stress axis will be approximately horizontal, gatieg bivergent structures (Davis and Engelder,
1985; Davis and Lillie, 1994). To understand better effects of ductile and salt detachments,
theoretical investigations (e.g., Davis and Engeld885) as well as analogue modelling have
been carried out (e.g., McClay, 1989; Liu et a&92; Dixon and Liu, 1992, Koyi, 1998, Cotton
and Koyi, 2000; Roca et al., 2006; Hude and Jagk20®7; Koyi et al., 2008).

According to Davis and Engelder (1985) thin-skithneld-thrust belts above a salt
horizon typically (1) have narrow (Qlcross-sectional tapers, (2) extend over a laages than a
non-evaporite belt, (3) develop structures thageaowards both hinterland and foreland, (4)
develop continuous and long-trend folds characatdrilzy tight anticlines and intervening open
synclines, and (5) exhibit changes in deformatigtesat the edge of the evaporite basin. The
eastern SR/PP have characteristics that resembélénithings of Davis and Engelder (1985): a
taper of less than €1lwidth of 100-150km, both hinterland- and forelarging thrust faults,
and structures rotated 36ounterclockwise in the east with respect to thed of the Salt Range
(Jaume and Lillie, 1988). Although the main deaokat in the SR/PP remained in the same Salt
Range Formation, there is a major contrast in thectsiral style from north to south and east to

west (Qayyum and Spratt, 1998) (Fig. 3.7).

42



7 TIIILII
MBT,

Tk

ISLAMABAD ‘.‘I

- SOAN SYNCLINE
JI‘ ddﬂ‘d’-dr-ﬂ

";1-—--—*-"9' ——— 7,

POTWAR

iy / T
" /
g
\_}i\\ . ﬁ—"-

- s

iver

b o
Chamiod

ALLUVIUM, SIWALIK, AND . . - |
RAWALPINDI MOLASSE CAMBRIAN-CRETACEOUS 0 50 km
% PALEOCENE-EOCENE - EOCAMBRIAN SALT RANGE FM

Figure 3.7.Map showing structural style in the Salt Range aotlvBr Plateau. NPDZ=Northern Potwar Deformed ZdhBT=Main Boundary
Thrust, HR=Hill Ranges, KF=Kalabagh Fault, SR=SargRange, RF=Riwat Fault, PH=Pabbi Hills anticliB&=Basement Fault,
SRT=Salt Range Thrust, and LA=Lilla Anticline (Moeid after Gee (1980) and Baker et al. (1988)). Nlwt¢'S’-Shaped bend in the
eastern Salt Range. A!,B- Band C-Cshow the locations of the cross-sections in Figt8, 3.8 and 5.6 respectively. The blue and
the green dashed lines show the location of therEi§.15 and 5.20. The dashed rectangle outlireearém of Figure 5.11.

43



Previous workers have stated different reasorexpdain the variation in the structural
style in the SR/PP. The eastern SR/PP may be bthctdhe border of the salt basin, and
therefore, thinning of the salt horizon in the aasly be responsible for the variation in structural
style along the strike (Davis and Engelder, 198mrfeck et al., 1989; Baker et al., 1988; Jaume
and Lillie, 1988). According to Butler et al. (198The basal decollement stepped upward from
the Salt Range Formation into overlying molassensedts (Rawalpindi and Siwalik groups) in
the east, which may have offered more resistandeftarmation. This transformation from a low-
strength to a high-strength detachment may haggedred the contrasting structural style. Jaume
and Lillie (1988) suggested that the difference rhaydue to the variation in basement dip;-1.9
3.6’ in the centre and NPDZ, and Di8 the east. Similarly, Pennock et al. (1989) sufgal the
interpretation of Jaume and Lillie (1988) and doeunted that salt thins to the east and that
stepping of the decollement upwards into the melassnot supported by surface outcrop,
drilling, and seismic reflection data. Converséhere is no major change in the stratigraphy from
east to west; hence, the difference in structurdé $s likely not governed by the presence or
absence of certain units or major variation inrthithofacies (Qayyum and Spratt, 1998).

In contrast, the Northern Potwar Deformed Zone QXJR, with severe deformation and
without any major topographic slope, is suggestetid developed over a frictional substratum
and later translated over the weaker horizon ofSie Range Formation (Jaume and Lillie, 1988;
Jadoon et al., 1997; Jaswal et al., 1997).

The north-dipping basement normal fault in theti@dnSR/PP was reactivated during
thrusting as a localizing footwall ramp above whibk SR/PP ramps to the surface forming the
Salt Range Thrust (Lillie et al., 1987; Baker et 4B88; Jadoon et al., 1997) (Figs. 1.5, & 5.5).
This seismically imaged normal fault may have béeweloped by crustal flexure in response to
the Himalayan thrust load (Lillie et al., 1987; Ralet al., 1988), and then reactivated as a thrust
fault during compressional tectonics (Baker et1888; Davis and Lillie, 1994). Displacement on

this thrust fault (Salt Range Thrust) graduallysdigut to the east in a distinct ‘S’-shaped
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structure, while in the west the Salt Range Thiauglt is connected to Surghar Range by a strike-
slip fault known as the Kalabagh Fault (Figs. 1ngl 8.7). The southern half of the ‘S’-shaped
geometric structure is marked by the WSW-vergingu@bal Ridge and the northern half by the
SE-verging Jogi Tilla Ridge (Qayyum and Spratt, &9%imilarly, the western Kalabagh fault
zone is also thought to be offset by a down-tortbgh fault at the Surghar Range frontal ramp
(McDougall and Khan, 1990; McDougall and HussaB01l) (see Fig. 3.8).

The frontal ramp in the SR/PP has been investigamtaletail by numerous researchers
but very little attention has been paid to the fnkty that lateral and oblique ramps may have
played a significant role in the structural stylerg the Pakistan Himalayan fold-thrust belt.
There are no previous examples of analogue modellinestigating the role of lateral and
obliqgue ramps in the SR/PP. The major aim of thissis is to investigate through centrifuge
modelling the role of these parameters in the tratvariation of SR/PP. The technique is also
used to simulate the development of the westeratiéglh Fault Zone (SR) and the NPDZ.

Fault-bend folds have long been recognized asufestthat develop in areas of thin
skinned deformation (Rich, 1934). Thrust faults coonly cut across the mechanically strong
units by climbing up-section, but in contrary falldhe bedding plane of mechanically weak units
forming a flat-ramp-flat geometry (Rich, 1934; Dsthbm, 1970; Butler, 1982).

A frontal ramp is oriented perpendicular to theediion in which the thrust sheet moves;
a lateral ramp strikes parallel to the thrust tpamsdirection; and a ramp segment which strikes
at an acute angle or oblique to the transport timeds known as an oblique ramp (Butler, 1982;
McClay, 1992) (Fig. 3.9a). A tear fault may be aghangle lateral ramp (McClay, 1992)
breaking the thrust sheet into segments. Fronloitique ramps normally intersect the bedding

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

During the forward movement of a thrust sheet aveamp-flat surface consisting of a
fault connected by transverse and obligue segméméshanging wall strata conform to the
footwall by undergoing internal deformation refiegt the footwall geometry (Rich, 1934;
Dahlstrom, 1970; Butler, 1982, Dixon and Spratt0£0 Therefore, due to this localized
deformation, large-scale culmination structures deeeloped over the ramp systems with flat
tops or depressions (Dahlstrom, 1970; Butler, 1982)ese structures plunge in opposite
directions and at the same time are responsibletiferabrupt change in the hanging wall
stratigraphy (Dahlstrom, 1970; Butler, 1982) (s&g B.9b).

Dixon et al. (1998a) and Dixon and Spratt (200Cried out ‘generic’ models of ramp
structures/systems, which were not based on angicpar fold-thrust belt or stratigraphic
sequence, to observe the effect of such parammtesisstructural style. Dixon and Spratt’s (2004)
modelling of ramp systems has been used as angtamtiint in the present study to evaluate the

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

3.6 SUMMARY

A continuous northward movement of the Indo-Pakigtlate consumed the Neo-Tethys
Ocean and subsequently caused the Indo-Pakistées pdallide with the Eurasian plate in the
north. As result of this collision a thrust wedgeveloped due to tectonic loading and thrusting.
The molasse sediments shed from the rising Himalayere accumulated in the foreland area.
Due to continued convergence, the thrust front slqwograded towards the south. The SR/PP

constitute the western part of the Himalayan fbidsst belt deformed over a ductile layer of the
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Salt Range Formation. In the west (Pakistan), timeathyan fold-thrust belt is translated further
to the south as compared to the east which ibatéd to the variation in stratigraphy controlling
the detachment level, as described in chapter 2.

There is major contrast in the structural stylethe SR/PP. The northern part of the
SR/PP is highly deformed as compared to the ceatrdl southern parts. The Main Boundary
Thrust marks the northern margin of the SR/PP aimb$® Mesozoic platform rocks over the
Miocene molasse sediments. The SR/PP is bounded BEfW trending Salt Range Thrust in the
south representing the leading edge of the Himaldgéd-thrust belt. The Kalabagh Fault, a

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

In this study the centrifuge analog modelling td@ghbe is utilized to understand the
variation in the structure of SR/PP in responsentxhanical stratigraphy and basement ramps
systems. The technique is described in the follgnshapter 4, and the modelling results are
presented in chapters 4 and 5. In chapter 4, aanézdd stratigraphy of the SR/PP is established
that replicated structures analogous to the strestinterpreted in SR/PP. Chapter 5 deals with
four problems investigated through ramp systemd,adso the evolution of NPDZ: the geometric
and kinematic evolution of central SR/PP is carried in the presence of frontal ramp; the
variation in the structural style across the céntirad eastern SR/PP has been addressed by
considering the effect of frontal and lateral rasystems on the structural style; the influence of
an obliqgue ramp in the basement connecting SR/BPSanghar Range on the structures in the
Kalabagh area; and finally to resolve the contreyabout the evolution of NPDZ either over

ductile or frictional substrata.

48



Chapter 4

PHYSICAL ANALOG MODELLING: THEORY, TECHNIQUE AND
PRELIMINARY MODELS

4.1. INTRODUCTION

Modelling involves the representation of an obmcsystem known as the prototype that
one wants to understand. There are two broad ad@ésgof modelling, mathematical and
physical. In mathematical modelling, the prototgystem is addressed by a set of mathematical
expressions, while in physical modelling the prgpet system is represented by analog materials.
To conduct scaled physical modelling experimentgdetiing materials are selected that
appropriately represent the mechanical behaviouedfivalent parts of the prototype when
subjected to appropriately scaled stresses anddaoyirconditions. By modelling geological
systems with materials of lower strength, one aplicate the evolution of a system in a few
minutes or hours that correctly represents milliarfsyears of geological deformation. A
significant advantage of physical modelling is thla¢ deformation of the prototype can be
simulated through experimentation and the defownatcan be documented. Unlike the
prototype, the initial configuration of the modédsprecisely known, and can be compared with
the deformed higher stages. The comparison prowvitght into the evolution of the structures,
and therefore, enhances the understanding of msigezdeformation that may have occurred in
the prototype.

There is a long history of using physical modelstudy the deformation of mountain
belts and understand the evolution of geologicaicstires (Schardt, 1884; Cadell, 1889; Willis,
1893; Nettleton and Ekins, 1947; Davis et al., 1988 cited in Koyi, 1997). However, many

early models produced unrealistic structures bexafisack of knowledge about the rheological
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properties of the prototype and model materialsva as the principles of scaling (Hubbert,

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

4.2. PHYSICAL MODELLING OF GEOLOGICAL STRUCTURES

Physical modelling can be used as a vital toaht@stigate the evolution of geological
structures. The models offer means to investigageinfluence of mechanical stratigraphy on
structural style and understand the geometry andnkatics of structures in an area (Dixon and
Tirrul, 1991). Modelling a geological structure system requires that specific attention be given

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

4.2.1. Importance of modelling material and scale

It is well established that the physical properttd a body, e.g., strength and weight,
change as the size of the body is changed buhrditect proportion to its size (Ramberg, 1967,
1981). Therefore, modelling a large-scale objectystem using a small-scale model cannot be
achieved by reducing the original size only (Rarghdi967; Eisenstadt et al., 1995). This is
because when the size of a body is increased réfaeamd strength increase by the square of the
linear dimension, whereas volume and mass incraagke cube of linear dimension (Ramberg,
1967, 1981). Based on this notion, it can be ddritt&t as the size of an object increases, its
strength decreases because the weight of the hotgeises beyond the strength of the material of
which the object is made (Eisenstadt et al., 19B&E to this reason, a hand-specimen-size rock
sample is much stronger than a large rock bodychwvviould easily deform under its own weight
(Ramberg, 1967). This statement demonstrates tlwmhall-scale system can be simulated by
using strong material but in contrast a large-ssgstem will require weak material to replicate it
in a dynamically scaled model (Eisenstadt et &95). Also, shorter experiments must require

the use of soft model material to simulate the @Nomh of natural structures in a shorter time
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(Ramberg, 1967; Eisenstadt et al., 1995). Previwoikers have used a wide variety of weak
materials such as wax, plaster of Paris, turpentmmavy oil, wet clay, and asphalt to
experimentally replicate the ductile deformationnattural rocks in their models (Cadell, 1888;
Willis, 1893; Nettletton and Elkin, 1947, as cited<oyi, 1997). To simulate brittle behaviour of

rocks, granular sand has been used (Hubbert, M&CT|ay and Ellis, 1987; Mulugeta and Koyi,

1987; Vendeuville et al., 1987 as cited in Koyi, TR9

It is necessary for a model to be properly scabedbtain realistic conclusions from the
model about the prototype (Hubbert 1937). Moreokembert introduced the use of dimensional
analysis and defined the necessary requiremenssaling for modelling geological structures.
Based on this principle, the model and prototypeukh be geometrically, kinematically and
dynamically similar so that the model closely siatat its counterpart in nature (Hubbert, 1937;
Ramberg, 1967; Einsenstadt et al., 1995).

Geometric similarity exists between two bodieth&@ corresponding sides have lengths in
the same ratio and the corresponding angles in brghequal. Therefore, in a geometrically
scaled model, all geometric dimensions are propaati to the corresponding dimensions in the
prototype (Hubbert, 1937).

Kinematic similarity requires geometric as welltame similarity. If two geometrically
similar bodies experience changes in shape oriposjtor both, and the time required for any
change in one body is proportional to a similarngeain the other body, the bodies have
kinematic similarity (Hubbert, 1937).

For dynamic similarity, two bodies must be geoiwatly and kinematically similar. The
mass distributions in the bodies should be propoali point by point and the forces arising from
the masses in the bodies must be in the same iditepbint by point and proportional in
magnitude (Hubbert, 1937). Therefore, a model teatlynamically scaled to a geological

prototype will evolve geologically realistic struces and provide complementary information on
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processes and deformation of the geological strestin the prototype (Hubbert, 1937; Ramberg,
1967; Einsenstadt et al., 1995).

Generally, two techniques are used in dynamicaialed physical modelling of
geological systems. Bench-top modelling is carded under natural gravity conditions, “1g”
(e.g., sand box modelling), while the centrifugehtgque uses increased “g” values (Ramberg,
1981). In the centrifuge, body forces are increasgdncreasing the centripetal acceleration
experienced by the model to a level many timesdridgian the Earth’s gravitational acceleration
acting upon the prototype. Therefore, it allowisgrer material with larger strength to be used
for the construction of the model, as compared @ach-top modelling, to maintain dynamic
similarity, because the stresses that arise framtass of the model in the increased gravity field

are also increased (Ramberg, 1981).

4.3. CENTRIFUGE TECHNIQUE

In the centrifuge technique, centrifugal force kizs same function in the model as the
force of gravity in the geological structures buarm times larger than the gravitational force in
the prototype (Ramberg, 1967; Koyi, 1997). Eartiersttsts have long been aware of the
influence of the force of gravity (Koyi, 1997); faxample, Sir James Hall (1815) used a
weighted plank over pieces of cloths to simula& ¢bnfinement of strata that arises due to the
weight of overlying strata in the gravity field.nSlarly, Bailey Willis (1893) used lead shot to
simulate the weight of overlying strata above fthidist structures.

More recently, Hans Ramberg laid the foundatiansfstematic research by establishing
a centrifuge laboratory (Koyi, 1997). AccordingRamberg (1967, 1981), centrifuge modelling
is an important technique for physical modellingpbienomena influenced by gravity, likewise
the tectonic deformation in the Earth’s crust; nower, the centrifuge allows the body forces
arising from gravity to be scaled with the same aetagdtio as the surface forces applied to the

model to induce the tectonic deformation.
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Ramberg (1967, 1981) applied the centrifuge antdabnique to geological modelling
and conducted a variety of dynamically scaled erpamts using silicone putty and painter’s
putty to simulate the development of diapirs anthdcstructures. Dixon (1975) used centrifuge
modelling to investigate progressive deformatiorbuoyant diapirs. He demonstrated that the
highest strain area is developed above the diapidsthe nature of the fabric can be used in the
interpretation of natural diapirs. Mulugeta (19884 Mulugeta and Koyi, (1987) used a squeeze-
box operated in a centrifuge to investigate congoesl tectonics and the effect of the basal
friction on the geometric evolution of thrust wedge

Dixon and his students have carried out a numibemadelling experiments in the
centrifuge laboratory at Queen’s University to wistiend a variety of phenomena relating to
natural fold-thrust belts, such as Dixon and Tir(@991), Liu and Dixon (1990, 1991, 1995),
Dixon and Liu (1992) influence of mechanical stratigraphy (Dixon andrrdli 1991),
stratigraphic heterogeneities such as facies baiggdéDixon et al., 1997, Dixon, 2004), and
structures associated with lateral ramps and &altsf (Dixon et al., 1998, Dixon et al., 1999;

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

4.3.1. Modelling materials

Fold-thrust deformation can be simulated using @dconstructed of laminae of
Plasticine™ modelling clay and “silicone putty” (theaterial poly dimethyl siloxane commonly
marketed as “Silly Putty”) (Dixon and Summers, 19B%xon and Tirrul, 1991). The plasticine
used in this study is manufactured by Harbutt's. ludder the name “Gold Modal Brand.” The
silicone putty is Dow Corning dilatant compound 817

Plasticine and silicone putty are suitable medtanianalogues for limestone (or
sandstone) and shale, respectively (Dixon and Summ®85, 1986; Dixon and Tirrul, 1991).
These previous works have described the rheologicgierties of the model materials in some

detail. McClay (1976) found that plasticine deforpiastically in pure shear tests with strain-
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rates between 18'-10°%". Some types of plasticine are a non-linear, straie softening, but
also strain-rate hardening material (Zulauf andagf)l2004). In contrast, silicone putty is a close
representative of incompetent rocks such as shaledeite (Dixon and Summer, 1985). At
strain-rates between $6*-10°s?, silicone putty deforms by inelastic and non-rezable ductile
strain obeying the power-law creep behaviour witfix2 (Dixon and Summer, 1985).

The analog competent units generally deform inueti manner at low strain rates;
however, at high strain-rate they deform by “fangti through localized slip on conjugate shear
planes (Dixon and Tirrul, 1991). In contrast, thealag incompetent units usually deform in a
ductile manner over a wide range of conditions ¢Dixand Tirrul, 1991). The rheological
behaviour of the model materials, plasticine afidaie putty, are represented in Figure 4.1. In
this figure, data for the model materials are plbthgainst the lower (x-axis) and left hand (y-
axis) axes, and data for the prototype rocks avtiqul against the upper (x-axis) and right-hand
(y-axis) axes. The two sets of axes are displaaed £ach other by the model ratios of strain-rate
and stress.

Stress/strain-rate data for plasticine from Stev@®83) and Evans (1987) (as cited in
Dixon and Tirrul, 1991) are shown by outline boxasd data for Harbutts Gold Medal plasticine
from Dixon and Summers (1985) is represented bypld line (Fig. 4.1). Stress/strain-rate data
for silicone putty at different temperatures (Dixamd Summers, 1985) are shown by solid lines,
and the curves are extending by dashed lines th $liain-rate conditions where the ductile
strength of silicone putty intersects with that masticine. Under such condition, the two
materials can be rolled into uniformly laminated ltiayers at higher strain-rate (Dixon and
Summers, 1985). On the other hand; at low stram-eanditions the two model materials show a
strength contrast of roughly two orders of magret(igig. 4.1). By rolling at high strain-rate both
of the materials can be interlayered with differeatios of thickness to obtain the bulk

competency of the composite units as desired (Dawh Summers, 1985; Dixon and Liu, 1992).

54



Moreover, as the individual stratigraphic units drdgernally laminated they preserve a

mechanical anisotropy that approximates beddirbarprototype (Dixon and Summers, 1985).
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Figure 4.1. Shear stress vs. strain rate plot illustrating theological behaviour of model
materials silicone putty and plasticine and prgtetyocks limestone and quartzite.
The two sets of axes are associated by the motlek raalculated in Table 4.1
(modified after Dixon and Tirrul, 1991). The hon#al axes are displaced by the
model ratio of time (strain rate) b The two vertical axes are related by stress
ratio of 0.0024 (model/prototype), correspondingniadels deformed at 4000g.

In the Figure 4.1, prototype data for two separagrhanisms of deformation in the
prototype rocks, i.e., pressure solution (of calaitlimestone and quartz in sandstone) and calcite
twinning in limestone at high-level crustal envineents, are plotted in the upper and right-hand
axes (Dixon and Summers, 1985). The two dashed fiorepressure-solution correspond to 100
micron grain-size and a temperature of M@Dixon and Summers, 1985). In Figure 4.1, the

regions outlined by limestone twining and limest@ma quartz pressure solution overlap with
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that of the rheological behaviour of plasticineiraated by Dixon and Summers (1985). In this
study, with the selected model ratios (Table 4Hg,overlap is achieved as the strain-rate axes in
Figure 4.1 are offset by a time ratio of 1@l hour in the model is equivalent to 11.5Ma ia th
prototype), and the stress axes are offset vdstibgl a stress ratio of 0.0024 (model/prototype)
corresponding to models deformed at 4900

For further detail, the reader is referred to Dix@and Summers (1985) and Dixon and
Tirrul (1991) for complete discussion of rheolodipaoperties of the analog model materials

used for modelling fold-thrust belts in the Expegimal Tectonic Lab at Queen’s University.

4.3.2. Modelling preparation and experimental procdure

Dixon and Summers (1985) introduced a rolling mghe to prepare representative
model stratigraphic units for a fold-thrust belhi§ method was applied in present study using a
steel roller to prepare layers of plasticine arit@ie putty on a water-wet glass plate. The
desired thickness of layers was achieved with #ip bf metal bars of known thickness. Initially
a pair of plasticine and silicone putty layers wiequired thickness ratios were rolled together.
The rolled pair was cut, stacked and re-rolled. pittezess was repeated until the required ratio of
plasticine to silicone putty along with the desiratnber of layers and thicknesses were attained.
Different stratigraphic units were prepared the samay. Once the units were ready they were
stacked on an aluminum base plate, which is madefup humber of sheets bolted together.
Therefore, the sheets of the base plate can basgisdled so that the model can be cut in
transverse cross-sections (perpendicular to tlileestf the model structures) for observation, at
different deformation stages.

The centrifuge machine at Queen’s University Expental Tectonic lab is capable of
producing acceleration as high as 20,000g and thdeomachine has the capacity to hold

specimens of 76X127 mm in plan and up to 50 mm fqitally 5-10 mm) in depth.
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The models were subjected to horizontal compras&ip a “hinterland wedge” of
plasticine, created at the analog north (Fig. 42)er high &g value, the wedge collapses and
spreads laterally causing the horizontal strateadcoommodate shortening in sequence from
hinterland to foreland. Each model was deformed mmumber of stages, numbered with Roman
numbers (stage |, Il, Il etc.). The outward-diegttradial centrifugal force field simulates the
Earth's inward-directed gravitational field. Afteach stage, the wedge was reconstructed to
restore its gravitational potential for a successitage of shortening. Moreover, the top of the
models were observed during deformation throughVac®nnected by a closed-circuit camera,

attached to the centrifuge machine.

Mg

1| .

/7 gl ﬁlr@Clion- Internally Layered
M cgr Foreland Sequence

Plasticine Hinterland Wedge

Aluminum substrate

Rotation direction

Figure 4.2. Schematic diagram of model assembly for fold-thnmsidelling in the Queen’s
centrifuge. The basement block is composed of alumiplates, each 3 mm thick,
which can be separated so that the model can hatouransverse serial sections at
that spacing. Shortening of the foreland stratigiasuccession is caused by the
gravitational collapse of the hinterland wedge @ix2004).

During this study, 63 models were constructed amdat an acceleration of 4000g to

investigate the influence of mechanical stratiggaphd structural style of the Salt Range and
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Potwar Plateau (SR/PP). The first series of mo¢#fisl to SF20) was used to learn the rolling
technique. The second series of models (SF21 t®)Skas used to select plasticine with the
appropriate competency for the model units of treqtype, and also to obtain accurate model
thickness ratios closely representing the prototype to understand the interplay between folds
and faults. The rest of the model experiments (St€3BF63) were conducted to investigate
several different aspects of the prototype. The efoodere typically repeated two to three times
to test the reproducibility of the models. Amongr8dels only selected models are presented in
the body of the thesis. These models were reprbtiuaiter repetition and closely resembled the
structural style in the prototype. Some additiomaldels 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 runpbiase (170 seconds) as the rate of the
centrifuge increased. Once the set speed and desieeleration level (4000g) was reached it
was held for 300seconds while the hinterland wemdlapsed (this constitutes a “stage” of model
shortening). Then the centrifuge decelerated tp §t0250 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 applicablenodels SF1-SF20. The models were
constructed at a nominal linear scale ratio of 1rbkms (1x10°). Other key model ratios i.e.
density, time (strain rate) and acceleration (400&¢el for the centrifuge) are set by the

properties of the prototype and model materialshasvn in Table 4.1.

4.4. MECHANICAL STRATIGRAPHY

The first phase of the model study was aimed ateldping a model mechanical
stratigraphy that adequately represents the mechlastratigraphy of the SR/PP. The term

mechanical stratigraphy describes the relativangtreor competency of stratigraphic units
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Table 4.1.Scale ratios applicable to models SF1-SF20.

QUANTITY MODEL RATIO EQUIVALENT SCALE
Length I =1x10° 1mm in model=1 km in prototype
Specific gravity +=0.6 1.60 in model=2.67 in prototype
Acceleration a= 4000 or 4.0 x 10 4000 g in model = 1 g in prototype
Time t=1.0x10" 1 hour in model = 11.5 Ma in prototype
Stress =l .a=24x10 Derived f_rom Ie_ngth, specific gravity, and

acceleration ratios

Viscosity ‘=t =2.4x10% Derived from stress and time ratios

present in the stratigraphic succession, and inesoases involves grouping adjacent units into
discrete intervals that are mechanically comparaleleen though lithologically and
chronologically distinct. The strength/competencl/ mechanical unites depends on their
lithologic composition and bedding character.

A generalized stratigraphy of SR/PP based on dagh is summarized in Table 2.1. For
the purpose of modelling, the SR/PP stratigraphsy been grouped into four mechanical units
from bottom to top, the Salt Range Formation, cacep(Cambrian-Eocene platform sequences),
Rawalpindi Group (RG), and Siwalik Group (SG). the SR/PP, the thicknesses of these units are
variable (see table 2.1); therefore average thigs@® of 1km, 0.5km, 2km and 2.5km have been
assigned to the Salt Range Formation, carapace,aRGSG respectively. To simulate the
evolution of SR/PP at least 36 trial models werestmcted and subjected to conditions
simulating the tectonic setting, until a close nosgeatigraphy was accomplished. In these
models, the bulk strength of the model Salt RangemiBtion and carapace units were kept
constant while for the RG and SG, various ratidasfirine : silicone putty) were tried (Table
4.2) until appropriate bulk competencies and stmadt style were achieved. The initial
configuration of the model stratigraphy of the misde shown in Figure 4.3. The overall total

thickness of the model units is 6mm.
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2.50 mm
Siwalik Group

LEGEND

Silicon Putty

86mm

Figure 4.3.Mechanical stratigraphy used in the trial modeB1($&F20), with a single lamina of
silicone putty at the base representing the SalihgRa Formation (0:1,
plasticine:silicone putty) and a lamina of plasteciabove it is the carapace (1:0).
There are 16 laminae in each of the units repraggrihe Rawalpindi (5:1) and
Siwalik (2:1) groups. Note that the diagram hadedént vertical and horizontal
scales. The dimensions refer to the overall thisknand length of the model
foreland. It is a schematic representation of tioglehseries SF1-SF20.

4.4.1. Model Series SF1- SF20

Table 4.2 provides the construction details of eledSF1-SF20. All these models
developed only harmonic detachment folds. Theseetsodere built with different plasticine
colours to select suitable colours of plasticinedach of the model units because the different
colours of plasticine have small but noticeabldéedénces in strength and mechanical behaviour.
The model SF13 is taken as an example here amengdhy trial models carried out to establish

the mechanical stratigraphy of SR/PP. Model SF18 sudjected to four stages of deformation.

Table 4.2.Summary of units and ratios used in models SF1-SRate different model ratios
were tried for RG & SG model units.

Ratio of thickness of Final Colours of Total
Unite Name Plasticine:Silicone | Thickness of - Number of
. ! Plasticine

Putty Laminae Unit (mm) Layers
Siwalik Group 3:1,2:1and 4:1 2.5 Red 8/16
Rawalpindi Group 3:1and 5:1 2.0 Green 8/16

Carapace 1.0 0.5 black 1

Salt Range Formatior 0:1 10 | - 1
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The larger number of thinner laminae (Siwalik @awalpindi) in the model SF13 as
compared to model SF1 (Appendix A) reduced the bsiiength of the model, which
consequently developed shorter-wavelength folds.

In the first stage, two anticlines with intervegiaynclines were formed adjacent to the
front of the hinterland wedge parallel to the frohthe spreading wedge (Figures 4.4 and 4.5). At
stage | the deformation is concentrated to thetfobrihe hinterland wedge and at the end of the
foreland (as seen in map view of Fig. 4.4). Andimté and a syncline formed at the far end of
the foreland initiated from the boundary effect.isTfold train actually propagated backwards

towards the hinterland.

.— Ajhalog *NT |

¢

Figure 4.4. Surface of model SF13 at Stage |, showing foldslfrto the spreading wedge.
2x2mm grid on the surface of the model is used adrain marker. The label
measure 10 mm x 10 mm. (Note: The Roman numbersrédemodel stage). Fold
structures at the foreland end of the model (rigiath be attributed to boundary
effects from the rigid wall of the model chambea @nhance the surface relief the
model is illuminated from the left (model “north”).

By stage Il the buckling had propagated acrosduhevidth of the model foreland, but

in fact this occurred by propagation in a progrdilection in front of the hinterland wedge and in

61



"U1iou [apow ay) Wodj
pareuIwN||l SI [9POW 38U JaIeuns ay) aduUeryua 0] "Uonewloap Jo sabersaagye 1Nd SUONI3S-SS0JD 3SI9ASURI] JO SluBUWSI
8yl aJse saninunuodsipueaioy 8yl Al pue ||| abeis Buunp axu1s ayljBuao Buibunid spjo} Jo sajdwexs aaiyl Sl0N [apow
3y} JO pue|ai0} 0)JPLEY WO} [SPOW B} SSO0IOE UOITRWIOp 9I9AasMIs ‘Al pue ||| ‘|| abelS Te £T4S |[9pow Jo 99euns "Gy aInbi4

62



‘G’ RIS se [apow ay) Jo abpa ,1Sam, ayl 01 SANEBILU UI) UOID3S aul| ay) Jo uonisod ay) sareaipul

aquinu dlgely ayl pue ‘abeis |opow 0] SIalal JaquEIoyY ayl :810N) ‘Bulp|o) 211Us2U0d SMoys adedeled

1@pym Buipjo) quy smoys (sdnoib ipuidiemey pyevys) abexoed aiydelbinens saddn syl yibusjonem
18B0D 1Sowle yum spjoj jo juawdoanag Al puell|il sebelis 1e £T4S |9pow JO Suondas asIdAsuel] 9y ainbi4

-
e
-

i

06y
liFeLyg

0'gz
IFeL4g

63



a retrograde direction at the foreland end of tlheeleh In stages Il and IV the amplitude of the
buckle folds increased as the shortening accunuileEegure 4.6 shows selected transverse
(cross-strike) sections of model SF13 at four sssive stages (I-1V) of shortening. The folding
that initiated at the foreland end from the bourgdsffect actually propagated backwards towards
the foreland. Due to this effect in stage I, bbthterland and foreland ends are folded but the
middle part is undeformed.

From stage I, Ill, and IV, the folds within theoetel carapace tend to be upright and
concentric, while structures in the model RG and 8@s are characterized by gravitational
collapse and spreading from the crests of antiglimto the core of the adjacent synclines.
Therefore, the surface of the model changed froonded to flat-topped/kink anticlines. The
silicone putty representing the Salt Range Formatias moved laterally from beneath the
synclines into the cores of the adjacent anticlifde wavelength of the folds is in the range of
6-8 mm and the amplitude is 2mm, representing topyee wavelength of 6-8 km and amplitude
of 2km. These values are close to the observed lergth (8-10 km) in the Potwar Plateau
(Pennock, et al., 1989; Jadoon, et al., 1997; Jasved., 1997; Grelaud, et al., 2002).

Symmetrical folds without any preferred vergermséhie characteristic pattern of folding
that can be observed in a compressional belt withralerlying very weak decollement unit, e.g.
salt (Davis and Engelder 1985). Similar observatiobave been made in these preliminary model
results. Furthermore, the folds in the models ammionic as there is no intervening weaker
decollement at a higher level (Fig. 4.6). Cleahlg Salt Range unit in the models localized a very
pronounced low-strength decollement (as shown lyugright orientation and the very rapid
lateral propagation of the foreland folding), aothe of the folds exhibit abrupt plunge-out along
strike. In this regard the models bear crude retmmob to the SR/PP. The relatively low taper
angle ( + ) in the initial stages of the models (0-40.2) is consistent with the low (Lltaper
angle ( + ) of SR/PP (Davis et al., 1985), wherés the slope of the top of the wedge anid

the slop of the basement (Davis et al., 1983; Duabteal., 1984). Generally during the sequence
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of deformation from hinterland to foreland, thetiedly horizontal stratified sedimentary package
develops a cross-section with wedge a shape gep(Ewis et al., 1983; Dahlen et al., 1984). In
theory, the wedge will deform internally until atial taper value is achieved, after which the
wedge slides stably without continued internal defation (Davis et al., 1983). If new material is
added to the toe of the wedge during stable slidingill reduce the taper value and the wedge
has to deform internally to re-acquire the crititagder (Davis et al., 1983). The Coulomb wedge
model suggested by Davis et al. (1983) and Dahieth €1984) assumes that the entire wedge is
composed of non-cohesive Coulomb material thatashanically homogenous and isotropic. A
critical taper signifies an internal stress comditivhere material everywhere within the wedge is

on the verge of brittle failure (Davis et al., 198&hlen et al., 1984).

4.4.2. Model series SF21- SF37

In order to incorporate the above facts and toukite better similar structures in the
model that can be observed in SR/PP, the mechastiedigraphy of Salt Range Formation and
molasse sediments (Rawalpindi and Siwalik Grous,aRd SG) were modified keeping in view
the mechanical composition of the prototype umitthe SR/PP (Table 2.1).

The silicone putty used to represent the Salt Rargrmation in models SF1-SF20 was
observed to be too ductile to create thrustingl&abl and the description in section 2.2.2 shows
that the Salt Range Salt Range Formation is no¢ ait but also contains some dolomite,
gypsum, shale and Khewra trap (volcanic rocks).tdle these lithological components into
account, the model Salt Range Formation unit waglified by including some plasticine
laminae. The new ratio of plasticine and silicondtyp to closely represent the Salt Range
Formation is 1:2, which made it relatively strongiean the previous ratio (0:1) used in models

SF1-SF20.
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The carapace unit is a platform sequence domiratdiinestone and sandstone and was
simulated with a model unit composed of solely laipicine (i.e. a plasticine/silicone putty ratio
of 1:0).

The RG rocks have approximately equal amountsanfistone and clay with a minor
amount of conglomerate. Based on the sandstonelagdatios, the ratio of plasticine:silicone
putty was adjusted to 1:1. In the middle part & BRG there is a weaker clay unit which acted as
an upper detachment level in SR/PP (Jaswal e129.7). To achieve a weak horizon within the
RG, two silicone putty layers were flipped facefdoe in the last doubling before rolling during
assembly of the model.

The Siwalik Group is dominantly sandstone with sactays and conglomerate. Though
SG is dominantly comprised of sandstone, in eshinlg the mechanical stratigraphy of the
model SG, the minor content of clay was also carsid. Due to high ratio of sandstone, it is
represented by a 2:1 ratio of plasticine:silicondtyp (strong). The final thickness and other

construction details of the models are given inl@&h3.

Table 4.3.Summary of the units and ratios used to model teehanical stratigraphy of the Salt
Range and Potwar Plateau in model SF21 — SF37.

Ratio of thickness of Final Colours of Total
Unite Name Plasticine:Silicone | Thickness of - Number of
. . Plasticine

Putty Laminae Unit (mm) Layers
Siwalik Group 2:1 1.68 Red 16
Rawalpindi Group 11 1.34 Green 7

Yellow/black
Carapace 1.0 0.33 ) 3
/white

Salt Range Formatior 1:2 0.67 Red 4

In the adjusted new model ratios, the molasses {RG and SG) are weaker than in the
model series SF1-SF20, while the model unit of Kalhge Formation is slightly stronger. The
initial configuration of the model stratigraphy thle 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, bynmltiown the 6mm thick package of
units in models SF1-SF20 to 4mm (Table 4.4). Thenge was made in order to overcome the
effect of the rigid vertical wall of the model chber which acted as a buttress and resulted in
deformation concentrated at the foreland of the etoo@Fig. 4.4). As such, the linear scale ratio
has been decreased to 0.67mm=1km as the modeh#isiskvas reduced from 6mm to 4mm. The

net effect of this change is that the model reprisse wider area in the prototype.

1.68 mm

o
5
g
a
~ LEGEND
®
£
w

4mm
1.34 mm
Rawalpindi
Group

Silicon Putty

0.67 mi
Sait Rang
Formati

< 86mm >

Figure 4.7. Mechanical stratigraphy used in model series SH23#SThe figure is schematic;
the vertical and horizontal dimensions refer to ralledimension of the model
foreland.

Table 4.4.Scale ratios of models applicable to models SF2B7/SF

QUANTITY MODEL RATIO EQUIVALENT SCALE
Length 1 =0.67 x 10 0.67mm in model=1 km in prototype
Specific gravity +=0.6 1.60 in model=2.67 in prototype
Acceleration a= 4000 or 4.0 x 10 | 4000 g in model = 1 g in prototype
Time t=1.0x 10" 1 hour in model = 11.5 Ma in prototype
Stress Z1 . a=16x10 Derived f.rom Ie.ngth, specific gravity, and

acceleration ratios

Viscosity (= ,t=1.6x10" Derived from stress and time ratios

67



Based on results of some trial models, a furthange was made in the model assembly:
the front of the hinterland wedge was cut withapsl of 20 (Fig. 4.8). This change was made for
two reasons: the sloping geometry avoids the terydehvertical wedge front to act like a rigid
bulldozer pushing against the full depth of theefand sequence, and it represents better the

northern margin of the SR/PP which is marked byNfzen Boundary Thrust that overrides the

SR/PP at a shallow dip angle.

STAGE 0

3 86

v

Layered Foreland

T\\‘:“S‘ : Siwalik Group (2:1)
\\“d-zm‘ i Rawalpind Group (1:1)

Carapace (1:0)

4 . B0 :
@ N%) : Salt Range Formation (1:2)
— g ————>F

Figure 4.8. Schematic sketch of models assembly (SF23-SF68) thwé hinterland wedge cut at
an angle of 20to represent the Main Boundary Thrust overriding foreland strata
of Salt Range and Potwar Plateau. Dimensions in(figure is not to scale).

Experimental results of Model SF33 are shown igsFi4.9, 4.10 (top surfaces) and
4.11A (representative transverse sections at sthgedV). The transverse section at stage |
shows that a prominent fold which developed at sheface close to the hinterland is the
structural manifestation of a detachment fold depelg in lowest weaker layer. Detachment
folds usually develop above a ductile detachmenizbo and lateral displacement diminishes to
zero beneath the fold in the foreland directionm(idan, 1987). In the model, new detachment
folds are seen to have formed in sequence towdmelddreland in the subsequent stages of
deformation, while the existing detachment folds ordy grew in amplitude but at the same time
started to transform into fault-propagation foldsfareland-verging thrust faults started to cut

across the lower part of the carapace model uniauit-propagation fold (FPF) developed above
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Figure 4.9. Vertical view of the top surface of model SF33 aftee first stage of shortening.
Shortening is achieved by collapse and spreading jpéssive wedge of plasticine
from left to right (north to south). A continuousld trends parallel to the front of the
spreading wedge and small doubly plunging foldemdtsome distance from the
wedge across the foreland.

Figure 4.10.Vertical view of the top surface of model SF33 aftes fourth stage of shortening.
Folds are continuous parallel to the spreading wedthe deformation is well
distributed throughout the model in front of theegaling wedge. To enhance the
relief the model is illuminated from the left (mdaderth).
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a ramp with displacement diminishing to zero altimg ramp region beneath the fold (Jamison,
1987). In the models, usually the lower part of toenpetent carapace unit above the lowest
weak horizon strata involved in folding was trumchtagainst the thrust faults. As the
displacement along the propagating faults increadeldter stages, the fault-propagation folds
(FPFs) transformed into fault-bend folds (FBFs)eotite faults cut completely cutting across the
competent carapace unit and propagated into theerupgaker horizon forming ramp-flat
geometry.

The model demonstrates an evolutionary relatignslgitween folds and thrusts as the
lower part of the carapace with low-amplitude fo{@d-s) is displaced by a propagating thrust
ramp and the folds become FPFs, which grow in dog#i as the fault propagates. With
continued displacement the fault cuts completetgugh the carapace model unit and joined into
an upper detachment within the Rawalpindi Group @hachit. The thrust fault followed a flat-
ramp-flat transect along with the transformationFéfF into FBF geometry. Similar interplay
between folds and thrust faults was also obseryetil and Dixon, (1990), Dixon and Tirrul,
(1991), and Dixon and Liu (1992).

Fault-bend folds are more prominent in the northeant of the models (close to the
hinterland). Thrust faults dipping at shallow arsgté 20-25° can be more clearly observed close
to the hinterland in model SF-29 at stage IV (FdL1B). The two model examples (SF33 &
SF29) also show that toward the foreland end ofntbelel, pop-ups (bounded by foreland- and
hinterland-dipping blind thrusts), grabens and bidiclksts are developed. The thrust faults close
to the hinterland verge preferentially towardsfitveland while those near the foreland end verge
toward both hinterland and foreland.

The model molasse units (RG & SG) responded tshiogting by folding only. The folds
within the upper strong competent unit are faigbyight with minor foreland vergence. The folds
show overall concentric geometry but similar follso developed with thick hinges and thin

limbs. The similar folds may be the result of siegapf a weak layer of silicone putty between
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Figure 4.11.(A) Transverse sections of model SF33 at stagisll| and IV and (B) transverse

section of model SF29 at stage IV. The models shdferent mechanisms of
accommodation of deformation above and below a etweklyer within the model
Rawalpindi Group. This differential shortening dezhdisharmonic structures.
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adjacent strong plasticine layers. The final amphls and wavelengths of the folds in models
SF29 and SF33 are in the range of 2.5 and 3.0 napectively. During the initial stages
harmonic folds developed above the lower model Bafige Formation unit. However, at higher
stages the folds above the upper detachment inntbdel Rawalpindi unit show slight
displacement toward the foreland. The model campenit is fault-dominated while above the
upper detachment the model molasse shows onlynfpldihese observations suggest that two
different mechanisms operated at the same timedonamodate the similar deformation in the
model. Above the upper detachment, shorteningasramodated by folding while between the
upper and lower detachments a similar amount oftshing is accommodated by thrust faulting
with associated fault-propagation folding. The eliint style of shortening is creating a “blind
duplex” with lower and upper detachments in the kvegers. The plasticine layer close to the
upper weak horizon is highly deformed indicatingpliacement along thrust faults have been
transferred to folding at higher stratigraphic leve

These model results are reasonably consistentthtinterpretation of structural style of
northern and eastern SR/PP (Figure 4.12A). Thenaomtpart of the models is characterized by
foreland-verging thrust faults similar to the iqpestation of Jaswal et al. (1997). Comparison of
the hinterland part of model sketch (4.12A) and ititerpretation of Jaswal et al. (1997) (Fig.
4.12B) shows a close resemblance in the style fofrahation, foreland-verging structures, fault-
propagation folds, and thrust faults initiating hiit the lower weaker detachment and cutting
across the strong carapace and again continuiradiglao the upper weak layer in the model RG
forming a “blind duplex” geometry. The structuresthe hinterland region of model SF29 (Fig.
11B) also bear striking resemblance to the Nortfretwar Deformed Zone.

Comparison of the central and far foreland paftthhe model with the interpretation of
the eastern PP (Pennock et al., 1989) shows thaitthcture is characterized by both foreland-
and hinterland-dipping blind thrusts, grabens anmdesfault-propagation folds (Fig. 4.12C). Both

in themodel and prototype the Salt Range Formatioting as a lower detachment, is mostly
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Figure 4.12. (A) Sketch of model SF33 after stage IV, showinffedénce in the style of
deformation in the hinterland and foreland partghef model. (B) Cross-section
from the Northern Potwar Deformed Zone (Jaswal.etl897). (C) Cross-section
across the Eastern Salt Range (re-drawn after Bkretoal., 1989), showing the
distribution of deformation across the area, latkdominant vergence, tightly
folded anticlines and open synclines, similar te theformation that can be
observed in central and foreland parts of the mglletch A. NPDZ = Northern
Potwar Deformed Zone, SR/PP = Salt Range and P@®iateau.
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depleted from beneath open synclines and has mimedthe cores of tight anticlines. The
structures do not have any specific vergence. it alao be observed from the model that the
faults originate within the Salt Range Formationitiog at low angle across the carapace and
dying within the lower part of the molasse sedirserithe models have cross-sectional taper
between 0.20.32, which is also consistent with the cross-sectidapér of the SR/IPP+ < 1°

(Jaume and Lillie, 1988; Pennock et al., 1989;j& #t al., 1994).

4.5. SUMMARY

From the above modelling, it can be concluded thatmechanical stratigraphy and the
presence of upper and lower detachments exertfisigmi control on the structural style of
SR/PP. The preferred vergence of structures towhed foreland in the Northern Potwar
Deformed Zone may be caused by the overriding MBiandary Thrust. In the models this is
simulated by proximity of the hinterland wedge with sloping boundary. The low cross--
sectional taper values of the SR/PP and the maahelsievelopment of symmetrical folds are the
result of the low basal friction (Salt Range Forimratunit).

The modelling observations lead to the concludlat the strength of the Salt Range
Formation has a major influence on the structusdé of the SR/PP. A ductile pure salt horizon
represented by silicone putty is not able to nueldaults that cut across the strong overlying
competent carapace unit. The models also illustnal the phenomenon of interplay among
detachment, fault-propagation and fault bending<olA similar evolution of model fold-thrust
belts was noted by Liu and Dixon (1991) and Dixad &iu (1992). This suggests that structures
in the northern Potwar Plateau and eastern SR/PP haee gone through similar stages of
evolution.

The results of the modeling described above detraiashat analog centrifuge modeling

is capable of reproducing the general charactesisif the structural style of the SR/PP. This
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work provides a basis for investigating some speeiftributes of this region, such as major ramp
systems and variations in decollement. The follgvohapter 5 addresses the role of these

parameters in the variation of structural styleg tan 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 ofpraaystems and weak detachment on
SR/PP evolution through centrifuge modelling. Tistfpart of the chapter delineates the role of
the frontal ramp system in the centre of the SR/HR second part discusses the results of
modelling used to evaluate the role of the frorat lateral ramp system in the contrasting
structural style across the central and easterRPBRh the third part, modelling investigates the
basement ridge in the western SR/PP, the surfgmession of which is marked by the Kalabagh
dextral strike slip fault. The fourth part elucidatthe evolution of Northern Potwar Deformed
Zone (NPDZ) through centrifuge modelling, in essetw address the controversy related to the
evolution of the NPDZ over frictional or ductiletsirata. The final section concludes the results

of the study.

5.2. CENTRIFUGE MODELLING OF THE RAMP SYSTEM IN SAL T RANGE AND

POTWAR PLATEAU

In order to investigate the effect of the fronfateral and oblique ramps or basements
faults of specific geometry on the evolution ob&dfthrust belt, the geometry of the ramp system
had to be developed manually during constructiorthef centrifuge models. The geometry in
Figure 5.1(a) is intended to model the ramp geomefiithe central SR/PP; 5.1(b) to model the
central and eastern SR/PP; 5.1(c) is constructedadel the two frontal ramps in the central

SR/PP and Surghar Range connected by oblique ragrlying the Kalabagh Fault Zone; and
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5.1(d) to model the NPDZ over a frictional substnat This method of building models with pre-
cut ramps is the same as that used by Dixon €1288) and Dixon and Spratt (2004), but in the

present study the pre-cut ramp has a small otfie¢tsimulates a normal fault.
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Figure 5.1.Schematic plan views of the model configurationveing positions of ramp systems
to model (a) the southern Salt Range and Potwaed&lacentral area, (b) the eastern
and central Salt Range and Potwar Plateau, c) demeestern and central Salt
Range and Potwar Plateau, and (d) the Northern &oBeformed Zone (NPDZ)
over a frictional substrata. Light black lines shpasitions of transverse (north-
south) sections to be cut at 3mm spacing afterraeftion. Top of the ramp is
represented by heavy solid line and the bottomheframp by heavy dashed line.
Units of model Salt Range Formation, carapace, langr part of the Rawalpindi
Group are cut by thrust ramp system.

The required ramp system or topography in thewabt(Fig. 5.1) was created by using
white plasticine 1.2mm in thickness. In the footvadithe ramp system the Salt Range Formation
and Rawalpindi Group model units were reduced icktitess by half and replaced with a similar

thickness of plasticine, such that the footwall &athging wall have uniform thickness overlain
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by a continuous model unit of Siwalik Group of umih thickness. In models used to investigate
the role of frontal, lateral, and oblique rampse thverall thickness of the models was kept at
5mm. As such, the new linear scale ratio is 0.83 mfrkm (0.83 x 10) in these models. The
desired ramp system was achieved by cutting anddahsembling the hanging wall and footwall.
Usually the frontal, lateral and obliqgue ramps wetg at a dip of ~20 The surface of the
discontinuity was coated with petroleum jelly irder to prevent the assembled hanging wall —
footwall contact from adhering. The units of theveo sequence representing half of the
Rawalpindi Group (0.78mm) and the Siwalik Groupll(thickness, 2.31mm) were prepared
separately and then stacked together to attaiméioed thickness of 3mm. In the final assembly
of the models the 3mm units of Rawalpindi and Sikvgloups 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 atidoramp with the initial configuration as
shown in Figures 5.1a and 5.2. This configuratanalogous to the basement step in the south

central part of the SR/PP (Lillie et al., 1987; Bakt al., 1988) (Fig. 1.5).
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Figure 5.2. Transverse section of the Model SF 47 at stagetl® avprecut geometry of a north-
dipping normal fault. The lowest model unit (altating red plasticine and silicone
putty layers (1:2) represents the Salt Range Féomadbove it the yellow and black
plasticine represent the carapace (1:0), the goksesticine with alternating layers of
silicone putty (1:1) represents the Rawalpindi @roand the red plasticine with
alternating layers of silicone putty (2:1) reprasethe Siwalik Group. The thick
silicone putty layer within the Rawalpindi Group d&b unit replicates the upper
detachment within the Rawalpindi Group in the prype.
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5.2.1.1. Surface Structures and Transverse Seriakgtions

Figure 5.3 shows the development of the surfacetsires associated with a frontal ramp
in the model SF47, through stages I, Il and llleTransverse sections of the model SF47 (Fig.
5.4) show that the deformation in the hanging whthe main thrust ramp is accommodated by a
combination of thrusting, folding, and layer-pagalshortening. The pre-assembled normal fault
was readily reactivated as a thrust fault durirgyithitial stage of compression and translated the
overlying units as a large slab along a major thfaslt over the frontal ramp at higher stages
(Fig. 5.4a, b, ¢ & d).

During stage |, a prominent linear ridge developeer the frontal ramp. This ridge is the
surface expression of a ramp anticline growing dherfrontal ramp (Fig. 5.4). A pair of folds
with significant width and height is also developedse to the spreading wedge. In transverse
section (Fig. 5.4a), these folds have the chariatites of detachment folds (DF). In between the
wedge-front folds and the ramp anticline, the stefés marked by small ridges and troughs
trending E-W with almost linear horizontal hinges.few of the smaller folds show minor
curving in their horizontal hinges. The minor folai®e the surface expression of buckling within
the model units of upper the Rawalpindi and Siwglikups above the upper detachment level
(Fig. 5.4). The transverse section at Stage | (Biga) shows that the thrust sheet was translated
coherently along the lower detachment of the moaé representing the Salt Range Formation
and underwent fault-propagation folding (FPF) aber pre-cut frontal ramp (Fig. 5.4a). The FPF
developed as the leading tip of the thrust faudppgated upward through the carapace unit of the
model. Minor deformation can be observed in thetre¢rpart of the model above the upper
detachment within the molasse units of the model.

In stages Il and Il (Figs. 5.3a, 5.3b and 5.4ptH¢ linear ridge over the frontal ramp

grew in width as the wavelength of the ramp folcr@@ased during progressive shortening. The
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Figure 5.3.Top surface view of the Model SF47 (illuminated fraorth to enhance the surface relief) at stag® k{age Il (b), and stage 11l (c).
White dashed lines in (c) show the traces of thiaugts on the model surface. The black dashed lim&, b, and ¢ mark the positions
of transverse section shown in Figure 5.4a, b,dccan
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Figure 5.4.Selected transverse section of the model SF47age3t(a), 1l (b), 11l (c) and Il (d). The blue slaed and continuous line shows the
trace of the thrust fault. The black dashed redtaarga in “a” outlines a portion of the model witbse resemblance to the prototype
(Fig. 5.6). The back dashed rectangle in “c” deltes thrust-dominated area close to the hintedawcldthe location of line drawing in
the Figure 5.26. TF1 shows thrust fault 1, TF2ghfault 2, and TF3 thrust fault 3. Positions afgb transverse sections are marked
on Figure 5.3. NPDZ = Northern Potwar Deformed Zone
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other major folds close to the hinterland alsoéased in width and new ridges developed next to
them towards the foreland almost parallel to theaging wedge (Fig.5.3b and c).

The individual minor folds increased in length sitaneously along their hinges until
they encountered another fold, creating an en-eohphttern. This pattern of elongated and
doubly plunging folds can also be observed in SRIg. 3.7). En-echelon patterns with right
and left stepping were also observed in modelsibyahd Dixon (1990), Dixon and Liu (1991),
and Dixon and Liu (1992). They reasoned that tlaitgpn develops as folds nucleate at isolated
points and propagate along their hinges in botbations until they encounter other folds.

In Model SF47 (Fig. 5.3) at the higher stagesnidl dll, deformation also propagated
beyond the frontal ramp, creating small doubly-giag folds arranged in an en-echelon pattern
similar to those observed in the stage | betweenfribntal ramp and the hinterland ridges. The
two zones have similar fold patterns, which aredhdace expression of folds developing only
above the upper detachment within the molasseofitite model. The large, comparatively high-
relief ridges close to the spreading wedge arectlradeveloped over fault-propagation folds
(FPFs) initiated within the model unit of the SBlnge Formation. Two gently curving narrow
troughs in front of the FPFs are the surface eswasof listric axial surface analogs for the
foreland-verging thrust faults (Fig. 5.4). Thesealag thrust faults have a shape and sense
compatible with thrust displacement. A more promindinear, tightly closed syncline
immediately in front of the ramp anticline is albe surface trace of another analog thrust fault
(Fig. 5.3c). During stages Il & lll, the coherendrislation continued, which not only increased
the width of the ramp fold but also transformed BRF into a fault-bend fold resulting in the
duplication of carapace units of the model (Figlb5.c & d). The earlier two DFs close to the
hinterland transformed into FPFs as the two faaltsthe lower part of the model carapace unit.
The two FPFs have typical vergence toward the d&oickl The molasse units of the model above
the upper detachment are deformed independentlyubiling only. The disharmonic structures

in the model developed due to the presence of tetactiment levels. Folds above the upper
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detachment show translation toward the forelandredeer there is also indication of initiation of
analog thrust faults from the cores of synclineshe model Siwalik Group unit without any
visible displacement. The Rawalpindi Group unitied model below the upper detachment close
to the hinterland is highly internally deformed layer-parallel shortening and buckling. Towards
the foreland side of the FBF the deformation idrieted to the model molasse sediments, while
the lower units of the model Salt Range Formatimh earapace remained un-deformed.

The synclines in front of the FPFs show thrusttfagutting across the carapace, the
traces of which can also be followed along the &igstratigraphic level (see Fig. 5.4c). Thrust
fault 1 close to the hinterland has high dip as pared to thrust fault 2, with a listric trace
becoming almost horizontal at lower level. Thisioades the decreasing intensity of deformation
toward the foreland. In the transverse section/28. 6.4¢) has three prominent thrust faults after
stage Ill as compared to section 52 (Fig. 5.4d)jclwlshow two FPF’'s with very minor
displacement along their overturned limbs. Thiseobstion illustrates the variation of structures
along strike. This may be analogous to variatiomléformation style of the NPDZ along strike
from an emergent thrust front in the west to admithrust front in the east (Jaswal, et al., 1997).
The suspected propagation of these faults throoglhigher model units of carapace and molasse
can be easily traced towards the surface, whilehensurface their expression is marked by a
prominent very narrow linear trough (Figure 5.4k @

Transverse sections show that these faults argdated thrust faults (more prominent in
Figure 5.4c), terminology used by Boyer and El([»982), and McClay (1992), to describe a
branching array of thrust faults that do not joim @pper detachment and are subsequently
exposed by erosion. A similar imbricate stacking edso be observed at the Northern Potwar
Deformed Zone of the SR/PP (Fig. 5.5).

At the forelimb of the culmination structure (FBH) model SF47, shortening is
transferred to a thrust fault, the trace of whiamn de followed in the higher units of model

molasse sediments and the surface expression ohwhimarked by a very narrow synclinal
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trough (Fig. 5.3a, b & ¢). The model carapace hettveen the frontal ramp and spreading wedge
exhibits very minor buckling (Fig. 5.4).

The model results closely replicate the structintdrpretation of the central SR/PP as a
FBF developed over a frontal ramp above a basefaaht(Fig. 5.6). The transverse sections of
the model SF47 (Fig. 5.4) show a prominent FBF Hwkiink geometry) developed over the
frontal ramp and a synclinal structure toward tigtenland (Fig. 5.4a). The model units in the
crest of the FBF are almost horizontal. The foldthw the model molasse sediments are upright
with kink geometry. Most of the shortening in thedel is accommodated along the FBF. It can
also be observed from the model results that théetr®lowest ductile unit has flowed into the
core of FPFs at the hinterland and as well as eldpment of FBF over the frontal ramp
repeating the strata by thrusting. The pre-cut mbriawlt facilitated ramping in the model. The
presence of the ramp system allowed the emplacewietite model units over the frontal
footwall ramp. The model results suggest that dlainmechanism may be responsible for the
emplacement of the SR/PP over the Punjab plainoftiniately, the timing of tectonic evolution
of the SR/PP cannot be determined from the modslsts. However, it can be observed from the
model that in the presence of a basement steprrdafion will be readily transferred to the ramp
region. As a result the FBF over the ramp will foot-of-sequence. The model SF47 supports
Burbank and Beck’s (1989) concept of late Miocdmedting over a pre-existing normal fault at
~5Ma. Both in the model (with exception of molassedel units above the upper detachment
level) and the prototype, the central part showyg wa@nor deformation.

The geometry of the FBF in the prototype is slighiifferent from the FBF observed in
the model. In the Salt Range prototype, the foeldipping limb of the FBF is not completely
developed because the ductile behaviour of theFRgalge Formation facilitated the easy glide of
the overlying strata as a large slab towards thitase along the Salt Range Thrust. The Salt
Range Thrust is exposed at the southern edge oSRIEP due to continued erosion as the

displacement continued. However, a FPF in the modgasse unit overlies the tip of the thrust
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that displaces the carapace unit at depth. The tha thrust fault at the forelimb of the FPF can
easily be followed toward the upper molasse urfith® model (Figure 5.4), following a likewise
stair-case path similar to the Salt Range Thrugténprototype. Both in the model and prototype,
the thrust fault followed a path along a weak (8&lt Range Formation) and cut at high angle
across a strong unit (carapace and Siwalik Grdaphe prototype, the main ramp, localized by
the basement normal fault, thrust the roof sequewes the molasse and duplicated the whole
stratigraphic section (Fig. 5.6). However, in thedwals the Salt Range and carapace model units
are duplicated. Both models and prototype sugdpedtthe overall structural style in the central

SR has FBF geometry.
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Figure 5.6. The present fault-bend folding configuration at soeithern boundary of the central
SR/PP. Dashed detachment surface is schematic(Baké, 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 latamap marks the structural boundary
between the central and eastern SR/PP (Fig. 507 simulate the structural style of the central
and eastern SR/PP, a model configuration was desigfith a frontal ramp connected to an east
dipping lateral ramp as shown in Figure 5.1(b). Thedels are designed to document how
motion of a thrust sheet over a frontal and a #texmp is accommodated by deformation in the

thrust sheet. The model configuration of the ldtexap is shown in the Figure 5.8. Models SF50
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Figure 5.7.Conceptual 3-D kinematic model of the Himalayarusifront at the east end of the
Salt Range. In the presence of the ramp system,comirasting mechanisms are
accommodating comparable crustal shortening contesmgously. Note the
displacement transfers from one structural stylehoother across the lateral ramp
(redrawn after Qayyum and Spratt, 1998).
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Figure 5.8. Looking northward, longitudinal section of model S8F prior to deformation,
showing an east dipping lateral ramp.

and SF52 had the same configuration as shown ir&#.1(b) and they are used to get sections

in different orientations.

5.2.2.1 Surface Structures

Gradual nucleation and propagation of the surfgtcectures associated with a frontal
ramp connected with a lateral ramp in the model0SfEBough stages I, 1l and Ill are shown in
Figure 5.9. The area close to the hinterland of Mwdel SF50 has a long continuous ridge
parallel to the front of the spreading wedge a®wdel SF47 (Fig. 5.3). However, there is a
major contrast in structural style between the \aesk east sides of the model.

During stage |, three wider, shorter ridges depetbin the east side of the model just in
front of the major hinterland ridge. These ridgiser plunge toward the west in close vicinity of
lateral ramp or continue further to the west witmarower width and longer length. These
eastern ridges are also curve slightly towards EMNEounter-clockwise sense. The narrower
ridges in the west are not only thinner in widtht Bimost parallel to the frontal ramp in W-E
direction. Over the frontal ramp the major culmioatstructure has a wedge-shaped closure that
plunges towards the east (all directions relativéhe model hinterland being “north”).

In Stages Il and 1ll, the culmination structureepthe frontal ramp continued to increase

in width. In the eastern side of the model largaralength ridges continue to develop in
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sequence from hinterland toward the foreland. Tidges on either side of the culmination
structure are almost linear and comparatively weero The en-echelon pattern is more obvious
towards the north of the lateral ramp in the eass&te of the model. The lateral ramp marks the
transition zone between wider and narrower ridgebkteoughs (Fig. 5.9). A general observation
on the model surface shows that the eastern sitleeahodel is slightly raised in the vicinity of
the lateral ramp. Transverse sections (Fig. 5.ad@)vghat the difference in wavelength and width
of the surface folds is a direct reflection of flaet that the buckling in the eastern side of the
model was harmonic above the lowest ductile uh#, model Salt Range Formation. The folds
show a very slight displacement along the uppeaatehent within the model. The parallel ridges
and troughs of shorter wavelength reflect bucklaigpve the upper detachment level of the
model.

Both on the surface of model and the prototypeetin@chelon patterns of structures are
very similar. The well-developed larger-wavelenfyilus in the east side of the model with slight
change in trend of ridges and troughs from E-W lEEare almost akin to the structures in the
east part of the prototype (Fig. 3.7). In the easteR/PP, the folds trend in NE direction.
However, the structures in the model SF50 (Fig) &.8how slight change in trend (©L@ a
counter-clockwise direction as compared to thedseof structures in the eastern SR/PP {30
This variation in the model and prototype may be tlhuthe fact that the sides of the model are
always lubricated with petroleum jelly to minimidee effect of the friction of the chamber side-
walls. However, it can be inferred from the modhglihat the change in orientation of structures
in the eastern side of SR/PP was caused by diffeesponses to accommodation of shortening
over the frontal and lateral ramps. In the modwt, ¢orresponding eastern side in the SR/PP is
trailing behind the western side. This happenedbse the deformation readily jumped over the
frontal ramp in the centre of the model, while imeteastern side the deformation was
accommodated by shortening close to the hintertahel simultaneously. This may be the cause

of the counter-clockwise rotation of the structurethe eastern side of the SR/PP. The change in

89



‘lopow aapILUIaISea ay] Ul palou aq 0S|e ued sp|oy Jo puayl ul abueyd 1ybiis v ‘dwel [eluoly Jo Juol) Ul

BaJe 9] Ul |9pow ayl JO 1ISaM@YNO0 Iyl Sabpll Japim 0M1 MOY 893S UBD U0 0SPyI0 Ja|[ews wody sybnoa pue sabpl yipim 1abie|

sojeNUalalIp eale Juasedsuen) alym IS ainbi4 ul umoys dwel [elale| ayl 0] wadelpes@)l| paysep (WwT) paoseds Aj@sod ayl

"TT'G 240BIWoyS suonodas asiansuel Jo suonisod ayl yiew (9)pue ‘(q) ‘(wpul] paysep »ae|q ayl ‘jnel Siyl Jo a2e) adeuns

31 Bgpay] 910N “NeJ 1SNyl urew ay) Jo uoissaldxaias ayl si yoiym ybnoa molreu A1aA e siuasaldal (gui aulj panop alym
ayl (o)1 abeis pue ‘(q)| abeis [(8hels 1e (1a1ja) 92elNS 8yl aduryuad (N, WOl pareulwn||) 0S4S |9POIN M3IA adeuns do] "6’ ainbi

{ lateral ramp

=
S
=
&
=
o

wree - wury
-

p Ot v - : azuu M@—ﬂ:dw

L)
SF5041

90



trend of folds coincides along the lateral rampezonthe model and prototype. Therefore, it is
proposed that a ramp system in the prototype mag haluced the rotation of structures on the
surface in the eastern SR/PP, rather than a tlgnoirthe salt as was proposed by Davis and
Engelder (1985) and Butler et al. (1987).

The culmination structure over the frontal ramp hanarrow linear trough on its foreland
side which is the surface expression of the mainsthfault (Fig. 5.9). The surface trace of this
fault in the model is analogous to the surfaceetiaicthe Salt Range Thrust in the SR/PP. On the
surface of the model, the trend of this fault clemgbruptly near the lateral ramp, developing a
left-stepping jog. This resembles the change inttéved of the Salt Range Thrust Fault near the
Chambal and Jogi Tilla ridges with a similar le#s (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 evolutiorthi@ western side of the Model SF50 is
very similar to that observed in Model SF47 andharacterized by FBF geometry developing
over the frontal step. The progressive evolutiomoflel SF50 in three stages is shown in Figure
5.11.

In the first stage, two low-amplitude DFs develbpe the west and east sides of the
model close to the spreading wedge. In the west gidhe model, deformation took place at the
same time near the spreading wedge and over theuprigontal ramp undergoing FBF. The
frontal tip of the fault began to move upward asrti®e model carapace unit while the frontal
edge of the thrust sheet transformed into a FPF.

In stage I, the existing two DFs close to thetdriland not only grew in amplitude but
transformed into FBFs as the thrust faults cutsgthe lower part of the carapace model unit and

consequently the forelimbs of the associated foltsame overturned. There is more
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Figure 5.10. Geological map of eastern SR/PP, showing S-benthlapur north of Chambal
Ridge and Jogi Tilla (after Gee (1980) as citedf @ats 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 togpeeading wedge. Because of rigid translation
in the western side of the model the thrust sheet thanslated coherently over the frontal ramp
without any significant internal deformation.

During stage lll, the width of the FBF over thengincreased further and displacements
along the thrust faults in the hinterland regiosoaincreased. New foreland-dipping FPFs also
developed in sequence towards the foreland. Iredis¢ern side, the FPFs close to the hinterland
completely transformed into FBFs as the thrusttéaaut across the carapace model unit. The
centre of the model in this area (eastern) is ateraed by many FPFs while towards the
foreland the folds are almost symmetrical with vEitye indication of back thrust in few folds.
The model SF50 was run through three stages, ohstethe four stages of models SF29 and 33,
therefore, pop-up and pop-down structures are mahipent as that observed in the models SF29
and 33 (Fig. 4.11). This reflects a lesser amofimverall shortening in model SF50, and hence
the pop-up and pop-down structures are passiverapared to models SF29 and 33 which are
more closely representative of the eastern SR/PP.

Transverse sections of the Model SF 50 (Fig. 5stibw rigid translation of the thrust
sheet over the frontal ramp. The model well dematess the development of FBF geometry over
the frontal ramp. This geometry is consistent whté structural style that can be observed in the
central SR/PP as described above (section 5.2igyrd=5.11 shows that in the absence of a
frontal ramp the thrust sheet is internally defatnbe folding only. The models portray that the
deformation over the ductile substrata in the abseaf such a feature (frontal ramp) is
characterized by FPF and symmetrical folds. It al®o be observed from the surface of the
model SF50 (Fig. 5.9) that the folds on the eass&te have larger wavelength as compared to
those on the western side. The style of deformadiush the geometry of the structures observed
model SF50 is fairly consist with style of deforioat 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 SF50agesta” and &), Il (b" and
bF), and 111 (¢ andcF). The superscript letters W and E represent thst esed
east side of the model. Locations of these trassveections are shown in
Figure 5.9.
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5.2.2.3. Transverse Serial Sections Adjacent to theteral Ramp

The lateral ramp was initially situated betweeangsiverse sections 36.0 and 43.0 (Fig.
5.9c). Therefore, transverse sections 36 to 43 war@t 1 mm spacing to observe the structural
interaction in the transition zone between thetiiband lateral ramps and also to observe how a
less internally deformed thrust sheet over a mjarst fault in the presence of a frontal ramp is
transformed into a more internally deformed thalstet along the strike.

Close to the lateral ramp the thrust sheet ovefrtimtal ramp gradually started to deform
more internally (Fig. 5.12a and 5.12b). The dispfaent along the major thrust fault decreased
due to which the core of the part of FBF in thataais more deformed as compared to the western
side of the model (Figs. 5.12 and 5.10). As a tesuthis decrease in displacement along the
major thrust fault, the two carapace model unitsiardirect contact (Fig. 5.12a and b). On the
eastern sloping surface of the lateral ramp a m&®@F over the frontal ramp had been
transformed into DFs and FPF (Fig. 5.12f and g)jaéehnt to the lateral ramp the lower ductile
unit of the model has slightly thickened as comg@acethe rest of the model (Fig. 5.12 g and h).
This has caused the eastern side on the surfabe dlodel SF50 to slightly rise as compared to
the western side in the vicinity of lateral rampg(F5.9). This may be due the construction of
ramp system in the west, where the thickness ofainBdlt Range Formation in the footwall is
half as compared to the east. The salt horizobdsia2700m thick under the Dhurnal structural
located in the NE SR/PP (Jaswal et al., 1997), mvaethe thick Salt Range Formation in the
east as compared to the rest of the SR/PP hasdprbai major decollement to the carapace units
(Aamir and Siddiqui, 2006). Based on these obsiEmatnd statements, the folded thrust sheet in
the eastern SR/PP may have thicker Salt Range Fomres compared to the west. The model
results and the prototype observation suggesthieatastern 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 tramsitiom frontal to lateral ramp.
The dashed rectangles zone show gradually tranatmmof the larger fault-bent-
fold geometry into smaller fault-propagation fofdsm the western to eastern sides
of the model. The dashed rectangle in the tranevastion 40 (e) shows the top of
the lateral ramp and the ramp itself lies betwe@ardd 42.
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The transverse sections close to the lateral rdisplay the transformation of FBF
geometry into DF and FPF geometry along the stokehe fold-thrust belt. The details of
transformation of FBF geometry into FPF along ttréke are not previously documented from
the SR/PP, however, from the observations madéerntransverse sections close to the lateral
ramp in model SF50, it can be inferred that th@ldisement on the Salt Range Thrust fault may
have gradually transformed into folds from wesketst in the SR/PP. This observations in the
model support Qayyum and Spratt's (1998) interpi@iathat the transfer zone between
contrasting structural styles in the central anstexa SR/PP is marked by a lateral ramp (Fig.
5.7). The surface expression of this lateral rasmarked by the Chambal Ridge and Jogi Tilla

ridges (Fig. 5.11).

5.2.2.4. Longitudinal Sections Across the Lateral &mp

Models SF50 and SF52 had similar initial configiaraand were deformed the same
way so that they could be used to cut sectiongfiarent orientations; however, even though
models SF50 and SF52 had similar initial configoratind shortening histories, some of the
structures were not perfectly duplicated (compatiens 16 and 64 of model SF50 (Fig.
5.11 ¢¥ and &) with sections 16 and 64 of model SF52 (Fig. 5)1Btr example at the
hinterland of model SF50 after stage Ill there weadl-developed imbricate thrust sheets.
However, in the model SF52 these structures arectaistically FPFs. There is also slight
variation in the final forms of structures, whictaynbe caused in part by minor difference in
total shortening. Nevertheless, the overall styfedeformation in the two models is
sufficiently similar to allow correlation betweemoss-sections cut in different orientations
(Fig. 13a).

The 3-dimensional structure in the neighborhoodhef lateral ramp can be better

understood by viewing longitudinal sections of thedel SF52 (5.14) together with
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transverse sections of the model SF50 (Figs. 5nt0%al2). Therefore, after stage lll, the
central portion of the model SF52 was cut at 3.0-mtarvals between transverse sections
16.0 and 61.0, in the positions as shown in theur€id.13 (the longitudinal sections are
oriented looking toward the north, i.e., towards tinterland).

Section 3.0 (Fig. 5.14) shows the full stratigraptinits in the thrust sheet of the
model at the hinterland side of the frontal anerkitramp. The lowest ductile unit shows
variation in thickness due to internal deformatiamd as a result, the overlying model
carapace unit is very gently undulated. Note thatdection is slightly oblique to the fold
trend. In the same region, transverse sections shaiSalt Range Formation and carapace
model units were deformed by thrust faulting, amel tmodel molasse units by folding, and
the surface developed two linear ridges of compaaigthigh amplitude.

Sections 6.0 and 9.0 (Fig. 5.14) show ellipticatt@e shapes developed by cutting the
overturned folds obliquely. In section 6.0, the wamoes are anticlines as the older carapace
unit is in the centre of the structure and the gmwnmodel Rawalpindi Group unit
engulfs/encloses the structure. The two anticlimege an intervening syncline. On the other
hand in section 9.0, the canoe is a syncline stra@s the younger model unit of Rawalpindi
Group occupies the core of the canoe.

Sections 12.0-21.0 (Fig. 5.14) show intense dedtion in the model molasse units.
The anomalously thick patches of silicone puttthie model Rawalpindi Group in sections
15.0 and 18.0 are cores of anticlines, more obvayuthe surface (Fig. 5.13a). The carapace
unit is duplicated by thrust faulting at the exteegast side (sections 15 and 18).

In the western portions of sections 24.0-30.0.(6id4), the thrust sheet climbs up
the frontal ramp through the model Salt Range Ftomanto the carapace unit. A very
gentle monocline over the lateral ramp can be olesem section 24.0 facing towards the

east side of the model. Section 27.0 shows the lm@enpanging-wall strata and part of the
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Figure 5.13.Model SF52 at stage lll. (a) Top surface view (ilinated from north). Black solid
lines show the positions of transverse sectiontheatwestern and eastern sides of
the model shown in b. The white solid lines mark fositions 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 lamagi from hinterland to foreland)
in the middle of the model SF52 after stage llpwimg structures associated with
the lateral ramp. The observer is facing towards himterland (“north”). The
positions of the sections lines are shown in Figuis. See text for discussion. The
longitudinal sections were cut free-hand usingraigt edge as a guide, and as a
result the sections may not perfectly align. Ndtat the sections are oriented in a
nominal “E-W” orientation and consequently they obtiquely across the structure
grain in some parts of the model.
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footwall carapace model unit and the raised basemehe footwall. Section 30.0 the shows
complete hanging-wall and footwall sections separdly the major thrust fault. The “Z"-
shaped closures of the FBF in the eastern sideations 27.0 and 30.0 are due to the fact
that the sections trend obliquely to the hingehefiinain FBF that developed over the frontal
ramp, as seen on the surface (Fig. 5.13a). Thestépe is at a greater distance from the
lateral ramp in section 27.0 as compared to se@mO because this fold trends obliquely
ENE as it plunges down the lateral ramp.

Sections 33.0-63.0, show that the strata ovefrtmal ramp in the west are almost
undisturbed with some slight deformation within thelasse model units, while the area to
the east of the lateral ramp is comparatively ntmi®rmed. In the eastern side the variation
in model Salt Range Formation is in fact a reflmettof cutting the folds obliquely. The
model Salt Range Formation is slightly thickerhe tore of DFs in the carapace model unit,
and thinner beneath the intervening synclines. Tdiiservation is supported further by
transverse sections (Figs. 5.10 and 5.12), whidwsdinat the eastern side of the model is

more internally deformed as compared to the westieia

5.2.2.5 Discussion

Models results (Figs. 4.11, 5.4, 5.9, 5.12, 5d8] 5.14) display well the difference in
the structural style in the presence of a frontal Eteral ramp system and closely resemble the
difference that can be observed in the structuydd ®f eastern and western SR/PP (Figs. 4.11,
4.12a, 5.5, 5.6 and 5.7). Although the main deondiet remained in the Salt Range Formation
unit of the model, the east side of the model regméng the eastern SR/PP is more internally
deformed by DFs and FPFs. The model folds have dtlsimilar orientation as in the eastern
SR/PP (NE-SW) on the surface. Pop-ups, pop-dowdsFRFs are typical structures in those

portions of the model and the eastern SR/PP witloutajor ramp localized by a basement
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normal fault (Fig. 4.1a and 4.12c). Also, in thegance of a major pre-cut frontal ramp above a
basement fault the models developed a major FBEhaaacteristic style of deformation as
developed over a frontal ramp in the central SRR®. 5.5 and 5.6). The geometric similarity of
the models and the SR/PP suggests that their kiieeeelution is quite similar.

The transition from the FBF to FPFs and DFs gepmatdth in models and prototype
coincides with a subsurface lateral ramp in thePER(Fig. 5.15). The model surface structures
(Figs. 5.9 and 5.13) have wider folds which eithlemge out to the west or continue further to
the west with shorter wavelength. The wider folad®aly reflect deformation above the Salt
Range Formation model unit (Figs. 5.11, 5.12 add); while the shorter-wavelength folds in the
western side reflect of deformation in the molasselel units above the upper detachment within
the Rawalpindi Group model unit. The western sitithe model was translated coherently over
the frontal ramp, and as a result the Salt Rangen&iion and carapace model units are
duplicated and the thrust sheet in that part oftlbeel below the molasse model units show very
little deformation. The transfer zone between ceheslab translation and telescoping (folding)
marked by the lateral ramp in the models is verykcimaoonsistent with the interpretation of
Qayyum and Spratt (1998) (see Fig. 5.7). The lavgdth folds in the eastern side is an almost
exact replication of the interpretation of Pennethl. (1989) (Fig. 4.12c).

The subsurface structure in the eastern SR/RRs&rated by an along-strike seismic line
(Fig. 5.15). At the SW end of this line the platfostrata are duplicated across the Salt Range
Thrust which separates the hanging wall and fodtwahels. In the NE side there is no
duplication of strata but the thrust sheet is milnitker and the Salt Range Thrust is interpreted
to lie just above the basement. Along the lateaaip the footwall platform sequence is truncated.
The seismic data suggest that Salt Range Formatidime hanging wall steps down along the
lateral ramp. An almost similar scenario can besoled in the longitudinal section 30 of model

SF 52 (Fig. 5.14). However, the hanging-wall cacapaodel unit in longitudinal section shows a
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Figure 5.15.Uninterpreted and interpreted seismic line SR-4 (Sgure 3.7 for location). The line was recordaldrig the regional strike) and
processed by Oil and Gas Development CorporatidddO) in 1979. The thrust transport direction is otithe plane of paper
towards the viewers (after Qayyum and Spratt, 199BF = Salt Range Formation, P = Platform sequéarapace), Sw & R =
molasse sediments of Siwalik and Rawalpindi groDeshed line in interpreted section shows the todi¢be Salt Range Thrust.
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recumbent fold verging (due to oblique trend thitotize section) to the east instead of continuing
to the east with an open syncline (Fig. 5.14) aspared to Figure 5.15.

The lateral ramp that continues southward in teets can also be inferred in the SR/PP
from the surface geology. The emergent Salt Rargast gradually dies along the ENE-dipping
Chambal Ridge (Fig. 5.11). Both the Chambal Ridgd &he lateral ramp are east-dipping
structures (Fig. 5.1b and 5.11). The lateral ramptlee surface is expressed by the S-bend
structure developed as a consequence of thrustihgleping of the roof sequence over the main
and lateral footwall ramps, and a linear culminatieall developed over the hanging wall ramp
(Qayyum and Spratt, 19880n the surface of model SF 50 (Figs. 5.9 and Saldinilar open S-
bend is apparent in the trace of the model SaltgRarhrust and along the trace of a syncline
(dotted black line in Fig. 5.16). The truncation wider folds along the lateral ramp is also
apparent on the surface of the Model SF50 (Figg)511 can be inferred from these observations
that in the prototype the boundary between diffestuctural styles is marked by a lateral ramp.

The model results show that the ramp systems aldtigweak decollement (Salt Range
Formation) are probably the primary structural coinbn the variation in the structural style of
the SR/PP. The difference between the models aggiu@aand Spratt's (1998) interpretation is
that the lateral ramp in these models is a basestantture similar to the frontal ramp, but the
lateral ramp in Qayyum and Spratt (1998) is intetgal to be within the sedimentary sequence
above the basement. However, seismic data anakysi&als many basement faults in the NE
SR/PP (Pennock et al., 1989). Some of these fhaite a NS-trend (Pennock et al., 1989). This
interpretation supports the presence of lateralpramhich could be a basement structure and to
some extent contradict its existence in the ovegylatform sequence as suggested by Qayyum
and Spratt, (1998). The model results support tesgnce of a lateral ramp caused by a north-
south basement feature dipping towards the eastiassd with a north dipping frontal ramp in

the prototype. Model results and prototype indi¢hte the surface expression of a lateral ramp is
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marked by “S” bending. Therefore, it is concludédttthe contrasting structural styles in the
central and eastern SR/PP are likely due to theng&y of an underlying ramp systems. In

addition the frontal and lateral ramp system magdsociated with basement normal faults.

Figure 5.16.Top surface of the Model SF50 after stage lllufilinated from left for relief). The
white line outlines the boundary of the frontal dateral ramps. The rectangle
(black continuous line) is possibly comparable avéh Figure 5.11. F1 and F2 are
the possible traces of thrusts as seen in Figure. %t is apparent that the model
Salt Range Thrust dies out in the vicinity of tagefal ramp in the east.

5.2.3. OBLIQUE RAMP-WESTERN SALT RANGE AND KALABAGH AREA

The N15W-trending Kalabagh dextral strike-slip fault temaies the Salt Range Thrust
front on the west and extends for about 120 kmhnottSurghar Range to the southern margin of
the Kohat Plateau (Fig. 3.7). The Kalabagh Fatikest obliquely to the transport direction of the

Himalayan thrust belt and transfers slip between $alt Range and eastern Surghar Range
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frontal ramps (McDougal and Hussain, 1991). A NNWAting discontinuous basement ridge is
interpreted to underlie the Kalabagh Fault on thsi® of positive Bouguer gravity anomalies
along the Kalabagh Fault zone (McDougal and Kh&80). In the subsurface the Kalabagh Fault
system has a lateral ramp (Fig. 5.17) along whioh Paleozoic and younger sedimentary
sequence, underlain by Salt Range Formation, rampgke surface along the southern three-

guarters of Kalabagh Fault Zone (McDougall and KH&90).

Figure 5.17.Schematic drawing of Kalabagh fault lateral ramphwongitudinal cross-section.
The basement ridge dies out near the Kalabagh {Mebougall and Khan, 1990).

The Kalabagh and Surghar Range areas have a sgdinesequence underlain by

Neoproterozoic Salt Range Formation (McDougal amérk 1990) similar to that found in the

Salt Range. The Mesozoic stratigraphy is mechdgisahilar to the other platform rocks of the

SR/PP, mainly consisting of carbonate and sandstouethe Mesozoic unconformity in the
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SR/PP does not continue in the western Salt RandeSarghar Range. The overall mechanical
stratigraphy of the Mesozoic rocks is competembilar to the model carapace unit (1:0) used in
models of the eastern SR/PP (see above). Therefaiejilar model unit is used to represent the
Mesozoic rocks of western SR/PP without changiegtiiickness of the model carapace unit.

To examine the role of the basement ridge (obliguep) striking N18V, model SF62
was constructed with two frontal-ramp segmentsdihky an oblique ramp striking at NV8.
The oblique ramp is oriented at®1® the transport direction. The initial configucat of the
model SF62 is shown in Figure 5.4c. This configorais analogous to the frontal and oblique
ramps in Surghar and Salt Ranges. For simplidity,ftontal ramps representing Surghar Range
and Salt Range in model SF62 will be referred tahestrailing and leading frontal ramps,

respectively.

5.2.3.1. Surface Structures

Figure 5.18 illustrates the progressive evolutibithe surface structures of model SF62
through three stages of deformation. Two photosshmvn at each stage, with low-angle light
from east and north respectively, to accentuatestile surface topography. In the first stage,
the thrust sheets developed a prominent anticliiigie following the geometry of the ramp
system (Fig. 5.18a The ridge seems to be slightly discontinuoushattransition zones between
frontal and oblique ramps (Fig. 5.12BaClose observation with low-angle illuminatioross that
there are three culmination structures over theftatstal ramps and the oblique ramp. The ridges
over the frontal ramps have square shape termméfig. 183). Close to the spreading wedge at
the hinterland a continuous parallel ridge develogénilar to the models mentioned above.
Minor fold ridges can also be observed on the serfeose to the hinterland. The culmination
structure over the lateral ramp has almost simdeaentation as the lateral ramp and is

comparable with Figure 5.17.
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Figure 5.18.Top surface views of Model SF62, with oblique rahmking two frontal ramps.
Surface views in@ab; and g has been illuminated from the east while 4nba and
c, are illuminated from the north to enhance the ¢ppphic relief of the model
after sage | (@ &), stage Il (b, ) and stage Il (cc,). The horizontal lines ina
b, and ¢ show positions of transverse section illustrate@igure 5.19. The box in
C; outlines an area with folds trending in WNW diientover the oblique ramp.
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After stage I, the trailing ramp structure isusidated into two tight fold ridges with an
intervening open trough structure. These structphesge out towards the east (Fig. 5.:18hd
b,). The area behind the trailing frontal ramp tovgatide hinterland show ridges arranged in en
echelon pattern. This pattern of folding on thefame is similar to the Kohat Plateau located to
the north of Surghar Range (McDougall and HussEd8,1).

During stage lll, the culmination structure ovése ttrailing frontal ramp has been
transformed into three linear fold ridges plungioghe east/right of the model (Fig. 5.38d he
ridge over the obliqgue ramp is segmented into nooeshort doubly plunging folds (Fig. 5.18c¢
with slight change in trend to WNW by clockwiseatidon. A similar pattern can be observed in
Figure 5.17 in the vicinity of Surghar Range. Tleading frontal ramp has a prominent
culmination structure. The leading frontal ramusture is truncated along the oblique ramp such
that to the west it has been replaced by at l@astfarrow ridges plunging to the west. Near the
lateral ramp the EW trending model Salt Range Tthchanges its orientation at the western side
to the north (Fig. 5.18% The change in the trend of model Salt Range Sthruthe western side
is consistent with the change of trend of Salt Rafigrust in the west (Fig. 3.7).

The surface observation of the model SF62 suggiesislopment of a linear ridge over
the oblique ramp in the initial phase oriented itBfW. However, the culmination structure over
the oblique ramp during higher stages has beerpdrézd by doubly plunging folds oriented in
WNW (Fig. 5.18¢). The slight change in the orientation of thesecttires over the oblique ramp
relative to the E-W orientation of other surfacédéomay be caused by clockwise rotation
associated with right-lateral movement. This maysingilar to the NW- to NNW-trending folds
in the Kalabagh Fault Zone (Fig. 5.17) developed itranspressional regime (McDougal and
Khan, 1990). In Stage | of model SF62, the culmamastructure over the oblique ramp has
almost same orientation as the structures obsdrvélde prototype. The WNW orientation of

folds over the oblique ramp may reflect the dextnmvement along the Kalabagh Fault on the
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surface, but no significant displacement is evidenthe surface of the model SF62. The model
suggests that the east-dipping thrust fault and tiding folds which are truncated by the
Kalabagh Fault are primarily the result of basenvemfiguration (oblique ramp). The sharp bend
in the leading edge of the leading frontal rampicttires toward the hinterland of the model is
similar to the trace of the Salt Range Thrust fadiich deflects to the north along the Kalabagh
Fault in the west. From the surface of the modetaih also be presumed that comparable
shortening over the leading frontal ramp is accoulabed by a fault-bend fold while on the
trailing frontal ramp by two thrust faults with @wening synclinal structure (Fig. 5.18md ¢).
This is consistent with the northern Kalabagh FZolhe 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 mdeg2 Sre illustrated in Figure 5.19. The
two frontal-ramp culmination structures/FBFs hawast similar history of development as
described above in the model results of SF47, 5D%h but the trailing frontal ramp area is
highly deformed by development of numerous thrustltf to accommodate the greater
shortening as compared to the leading frontal ratnpcture (Fig. 5.193. At stage lll, the
carapace model unit is intruding into the modelassé units as a strong beam trapped behind the
ductile unit (Fig. 5.199 as compared to the model carapace unit in thetdtadamp forming a
hanging-wall ramp dipping towards the foreland ts teading edge of the FBF (Fig. 5.19c
Also the thrust sheet is faulted/imbricated onfirgerland side of the trailing frontal ramp (Fig.
5.19q). At the leading part of the trailing frontal rartipe two thrust faults have an intervening
synclinal structure (Fig. 5.19c These observations are an almost exact remicadf the
structures found over the frontal ramp and itsnifgiat 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 SF62ggestl, Il and Ill. In each pair of
photos 1 and 2 the sections show the trailing aealdihg frontal ramps,
respectively. The rectangle shows the transportatib the model carapace unit
along a fault at its base towards the surface mmdel molasse sediments.
Locations of these transverse sections are shoWwigure 5.18.

In Surghar Range, the oldest rocks, which are lel@isan age, are faulted against the
youngest sediments on the surface (Fig. 3.8). ToeehSF 62 (Fig. 5.19Fillustrates decoupling
of the carapace from the Salt Range Formation suehthe carapace and the overlying model
units are thrusted over the footwall carapace hedriodel ductile unit is thickened in the core of

the trailing frontal ramp anticline towards the teitand. This is markedly similar to the scenario
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that can be observed in Figure 5.2. This obsematioggests that the continuous deformation
front in the Surghar Range may have jumped to khdnigtratigraphic level (Cretaceous Chicahli
Formation), which is the most suitable decollemgsfiale) after the salt horizon. The model
supports the Kohat and Surghar Range thin-skinngt® ©f deformation with the lower
detachment along Neoproterozoic Salt Range Formafsbbasi and McEroy, 1991; and
McDougall and Hussain 1991).

The model results suggest that the basement biellgev the Kalabagh Fault can be better
explained by the presence of the lateral ramphénprototype the Kalabagh Fault is oriented at
N15°W, slightly oblique to the transport direction. Tfaailt segment which strikes obliquely to
the transport direction is an oblique ramp (Butl82; McClay, 1992). In such an arrangement
the area is characterized by transpressional testas can be seen in the Kalabagh area.
Modelling of the Kalabagh Fault Zone with underlyian oblique ramp, as suggested by Butler et
al. (1987), closely replicates the structural stiylethe prototype. However, models SF58-59
(Appendix A) with frictional substrata in the westeSR/PP (Butler et al., 1987), did not develop
realistic structures. In these models stresses nemeferred to the footwall of the trailing frohta
ramp in the western SR/PP. In response the dipeaofithe frontal ramp increased and the
footwall in the ramp region has thickened by lagarallel shortening. Such observation is not
reported from the prototype. Therefore, the modeSsupports the Kohat and Surghar Range
involving thin-skinned style of deformation withethower detachment along Neoproterozoic Salt
Range Formation (Abbasi and McEroy, 1991; and Mazdand Hussain, 1991) as compared to
Butler et al. (1987) suggesting lack of Neoproteiozalt to the west of SR/PP beyond Kalabagh
area. Furthermore, the orientation of the Kalalkiaghlt and the unknown nature of the evolution
of the basement ridge (McDougall and Khan, 1990¢ngthen the idea of the presence of an

underlying oblique ramp instead of simple raisesebaent.
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5.3 DUCTILE vs. FRICTIONAL SUBSTRATE-NPDZ

The Northern Potwar Deformed Zone (NPDZ) is lodaetween the Main Boundary
Thrust in the north and Soan Syncline in the s@bth. 3.7). With the exception of a few small
outcrops of Eocene rocks the area has predominantfipce exposure of Rawalpindi Group
molasse sediments. The NPDZ is severely deformegnially as compared to the rest of the
SR/PP. The structural style of the NPDZ is charazd by imbricate thrusting (Fig. 5.20). The
present imbricate stacking style of deformatiothiea NPDZ is reproduced in some of the models
with a ductile Salt Range Formation (e.g., modelt BF-ig. 5.4c¢).

The greater internal deformation in the NPDZ sstg¢hat the basal decollement was
stronger and therefore the critical taper angle tmde greater (Jaume and Lillie, 1988).
However, the surface slope in the NPDZ is almogjligible. It has been proposed that low
surface slope is a product of later erosion asldiermed NPDZ was transported passively to the
south over the Salt Range Formation without add#ionternal deformation (Jaume and Lillie,
1988; Jadoon et al., 1997; Jaswal et al., 1997)tlamdactive erosion reduced the surface slope
(Fig. 5.21). Therefore, the NPDZ may had been defor over a stronger decollement prior to
displacement onto underlying ductile Salt Rangertation (Jaume and Lillie, 1988).

The above argument was tested by building seveoaels (SF 54-SF57) with a strong
substrate in front of the hinterland wedge instefithe weak Salt Range Formation as described
above. In these models the ductile unit represgritie Salt Range Formation was replaced with
four layers of red and white plasticine in a zofiel®mm wide at the hinterland end in model
SF54-57. With the exception of the zone of fricibsubstrate in the hinterland portion, these
models have equivalent mechanical units and a gordtion of frontal and lateral ramps the
same as in the models SF50 and SF52. The mechdwoaldary between the frictional and

ductile substrate dipped toward the foreland ofrtieelel (Fig. 5.22).
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Figure 5.20.(A) An uninterpreted seismic section across the KRR (B) generalized interpretation (after Jasstal., 1997, see Fig. 5.1 for
location). KMF = Khairi Murat Fault, DF = Dhurnal HguMF = Mianwala Fault, P-C = Permian — Eocene fdiams, M = Murree
Formation, SRF = Salt Range Formation, Ch = Clrajimation, Na = Nagri Formation and Kl = KamlialrFation.
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Figure 5.21.Conceptual drawing of the strong internal defororatnd low topographic slope in
the Northern Potwar Deformed Zone. (a) Pre-2Ma. mbghern Potwar Plateau
(NPP) is actively deforming as a fold-and-thrudt beer a frictional substrate and
has not yet encountered evaporites of the Salt ®&agmation (shown in black).
Significant topographic slope is necessary to madtintritical taper. The normal
fault beneath the future Salt Range also formshe time. (b) 2 Ma. The
deformation front reaches the northern edge ofsdiebasin and a "triangle zone"
structure is formed. Uplift of the Salt Range begas the decollement extends
southward within the Salt Range Formation overftbatal ramp. (c) Present. The
Northern Potwar Plateau has overridden the nortkdge of the salt basin, and a
large critical taper is no longer needed. Erosian feduced the topography to its
present nearly level surface. Shortening is beakgn up at the Salt Range Front
(Jaume and Lillie, 1988). Salt Range Potwar Plat&&P.
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Figure 5.22.Transverse section of the Model SF 57 at stagetld avirictional substrata at the
hinterland and precut geometry of a north dippilognmal fault. The model units
ratios and thickness are similar to the modelssumiitSF47, 50 and 52 as described
in Figure 5.4. Line drawing shows the geometry efchanical boundary between
strong vs. ductile substrate, and frontal the ramp.

5.3.1 Surface Structures

Model SF57 was deformed in four stages of shamgeii to 1V). The surface structures
are shown in Figure 5.23. During stage |, a promifi@ear ridge developed just in front of the
spreading wedge and another over the mechanicaidaoy between the strong and weak
substrates. There are some minor ridges also dmelelose to the foreland side of the
mechanical boundary ridge. During stages Il- I\& tlvo existing folds increased in width and
amplitude. These folds have almost straight hirayes$ are relatively cylindrical. An en-echelon
pattern of shorter folds can also be observed erstinface of the model at higher stages. During
stage Il, a ridge developed over the frontal ramg i increased in width during stages Ill and
IV. In previous model results without frictional Imirate at the hinterland side, deformation
jumped to the frontal ramp in the first stage. Hegre in this model with a frictional substrate the
deformation was concentrated at the hinterlandngdutie first stage and did not transfer to the
frontal ramp until stage Il. This observation supipdhe concept of Jaume and Lillie (1998) and
Jaswal et al. (1997) that NPDZ deformed first awer frictional substrate prior to 2Ma and after
that the deformation front jumped far enough to $beth and encountered the salt layer. The
surface topography over the frictional substratgightly raised in the model SF57 during stages

| to IV as compared to the models with continuoeskvdecollement. The area deformed over
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Figure 5.23.Progressive deformation of the free surface ofmtloelel SF57 through stages I-IV.
The model surface is illuminated from left to irase the surface relief. The sold
lines mark the positions of transverse sectionshasvn in Figure 5.24. The white
dotted lines in SF47 IV are the surface tracedefthrust faults at the hinterland of
the model. The arrows pointing to the jog or “S’htdmg on the surface of the
model.

the frictional substrate developed narrow (shontarelength) folds instead of broad folds. This
observation is consistent with the interpretatibdaume and Lillie (1998) that high topography
in the NPDZ was developed by deformation over@ifmal substrate in the initial stage.

The surface at stage IV shows a change in thel toférthe structure by anticlockwise
rotation. The change in trend of structures fronstwie east is in fact caused by translation vs.
telescoping mechanism. In the western side the mouts are translated over the frontal ramp
more or less coherently while on the eastern sideshortening is accommodated by distributed
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folding. The difference resulted in the rotationtleé structural trend in the model. Due to which
the overall shortening is greater in the west tkiaa east. The variation in accommodating
shortening by different mechanisms has changedré¢imel of the structures on the surface of the
model. This observation in the model is comparabta the structural trends in the SR/PP (Fig.
3.7). The jog or ‘S’ bend in the narrow trough,usface expression of the major thrust fault, is
more obvious on the surface of the model SF57agestll and IV (Fig. 5.23). In the eastern

SR/PP the structures trend NE, but EW in the ceBRAPP (Fig. 3.7). The difference in style of

deformation from east to west can be more clea@nsn transverse sections.

5.3.2. Transverse Serial Sections

The progressive evolution of the model SF57 issshin transverse sections cut parallel
to the shortening direction in Figure 5.24. In firet stage, the normal fault is dormant (Fig.
5.24a). The deformation is mostly concentrated ebine frictional substrate with very minor
deformation across the mechanical boundary (FRA. Two major folds can be observed, one
close to the hinterland and the other over the mueichl boundary. These folds characteristically
formed above the carapace model unit. Above thehargcal boundary an analog listric thrust
fault developed, which can be traced towards thitase in the molasse units of the model (Fig.
5.24Db). This observation supports Jaume and Lsll{@988) suggestions of deformation over the
frictional substrata in the initial stage and reaatton of the normal fault later (Fig. 5.21a). The
surface slope in the model with frictional subsrat the hinterland is relatively slightly higher
(Fig. 5.24a, b and 5.25) than in models FS47, 2QFgs. 5.3, 5.4, 5.9, 5.10, and 5.13) with the
continuous ductile substrata from hinterland toefand. This is also consistent with the
suggestion of Jaume and Lillie (1988) and Jaswal.€t1997). Also the width of folds over the
frictional substratum is shorter (Fig. 5.24a, b &#5) than folds in the models SF47, 50, 52

(Figs. 5.3, 5.4, 5.9, 5.10, and 5.13), demonswaidifference in structural geometry due to the
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Figure 5.24. Progressive deformation of the model SF57 with iatiémal substrate at the
hinterland. The area outlined by the dotted redeangpresents the Northern
Potwar Deformed Zone. The white dashed lines shuosv duspected trace of

incipient imbricate thrusting. However there is prmminent displacement along
these analog listric thrust fault.
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Figure 5.25. Transverse sections of models SF54, 55, and 56 8ftege |, showing high
amplitude and tight folds at the hinterland over fifictional substrata.

presence of ductile vs. frictional substrate.

During stage I, the pre-existing normal faultgieated as a thrust fault (Fig. 5.24¢) and
at the same time deformation increased furthehathinterland (Fig. 5.24d). The fold at the
hinterland in the model molasse sediments has ladinic relationship with the underlying
mechanically competent units and the listric fotggically verge towards the foreland. Folds
with specific vergence are characteristic of defatron over a frictional substrate (Fig. 5.24c¢ and
d). Imbricate thrusting is evident just at the batikhe mechanical boundary (Fig. 5.24d). These
structures (folds and faults) over the frictionabstrate have clear vergence toward the foreland
while folds within the model molasse sediments lyweg the model ductile substrate are almost
symmetrical (Fig. 5.24 ¢ and d).

After stage lll, the model units overlying the qoetent substrate show strong vergence
toward the foreland. Those folds over the ductitet are characterized by upright folding

(Fig.5.24 e and f). The mechanical boundary whiall hitially a shallow dip to the south has
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been steepened to almost vertical by this stagie.ddtuments the amount of southward-directed
shear in the lowest unit (the frictional substrdtepugh the three stages. In the initial stages th
deformation concentrated at the hinterland of tloel@h On encountering the ductile substrate at
the mechanical boundary during higher stages, ¢ierchation jumped forward above the ductile
substrate. Simultaneously, the deformation wasraooadated internally by mostly layer-parallel
shortening and minor folding at the hinterland loé todel. This observation is very similar to
the conceptual observations as shown in Figurec5.21

By stage IV, a large thickness of the model deatihit had accumulated ahead of the
mechanical boundary, forming a major fold (Fig.4@and h). This may have been caused by
the gravitational collapse of the centre of the elosiqueezing the ductile unit toward the
hinterland and foreland (Fig. 5.249) and the bagira the mechanical boundary may have caused
the accumulation. Such observations has not bemngusly reported in the NPDZ. In the core of
this major fold the frictional substrate is thrustever the model ductile unit such that the
frictional unit became a hinterland-dipping parféb( 5.249). Also at the mechanical boundary,
the model carapace unit shows back-thrusting (&ig4 h). Between the mechanical boundary
and the frontal ramp, the model carapace and Satg® Formation are virtually undeformed
such that the horizontal displacement is transfietee hinterland- and foreland-verging thrust
faults (Fig. 5.24 g and h) and a large syncline degeloped. The syncline structure is more
prominent in the eastern side of the model as comp® the western side (Fig. 5.24 g and h).
The northern limb of this syncline above the medatenboundary (Fig. 5.24h) exhibits-back
thrusting that resembles the triangle zone in FKgh21b. These observations are generally
compatible with Jaume and Lillie’'s (1988) model emretation (Fig. 5.21). However,
unfortunately, the structures that developed over frictional substrate were not translated

passively as far over the model ductile unit agysested for the passive translation of the NPDZ
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over the Salt Range Formation during later stadaanfe and Lillie, 1998; Jadoon et al., 1997;
Jaswal et al., 1997).

The models SF54-57 described above suggest tiease shortening in the NPDZ could
have been caused by a localized zone where thd Hesallement was stronger than the
evaporite Salt Range Formation further to the sodthwever, it is also possible that the NPDZ
formed above a ductile substrate. The structusde sitnd geometric similarity of the models
SF47, 50, and 52 (Figs. 5.4c, 5.10, 5.12, 5.13%a26) with the prototype (Figs. 4.12b, 5.5, and
5.20) suggest that the mode of formation of NPDZnre closely associated with the ductile
substrate than the frictional substrate. Hence, RIP@s low topographic slope. North of the
Main Boundary Thrust in the Hazara area (Fig. 1h2)presence of Neoproterozoic gypsiferous
deposits suggests that evaporite basin may extetitef to the north (Kadri, 1995). Furthermore,
the model (Fig. 5.26) suggests that the severermetion of the Rawalpindi Group rocks in the
NPDZ may be due to the fact that the area is Iyinthe immediate footwall of the MBT. In the
line drawing of Figure 5.26, the model Siwalik Gpollas been removed to show an imaginary
erosional surface, simulating the erosional remo¥adhe Siwalik Group sediments from NPDZ.
The Figure 5.26 shows close similarity with NPD4g(F5.20), after deformation over a ductile
substrate. The mechanical stratigraphy of RawaigBrdup (shale and sandstone, almost weak)

may also have played a role in the severe defooméati close vicinity of MBT.

5.4. SUMMARY

The model results described above demonstratdhbatariations in the structural style
along the strike in the SR/PP can be explainedéygeometry of an underlying ramp system and
that the ductile Neoproterozoic Salt Range Formapoobably provided a weak horizon for a
smooth gliding of the SR/PP thrust sheet towarddaheland.

In the central SR/PP, the models show that irpteeence of a pre-existing normal fault,
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Figure 5.26.Line drawing of the rectangle area at the hintetland of the transverse section 28 of Model SF 4gestll (Figure 5.4C). The
model Siwalik Group is omitted from the line draginot only for clarity but because the Siwalik Graediments are absent (due
to erosion) in the Northern Potwar Deformed Zonehk presence of a model ductile horizon the NBB&wvs a very similar severe

internal deformation as in the prototype, domindigdhrust faulting. MBT = Main Boundary Thrust aN&DZ = Northern Potwar
Deformed Zone.
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a culmination structure with fault-bend-fold georgetleveloped over the frontal ramp. As a
result, the hanging-wall units are deflected to $ueface, duplicating the whole stratigraphic
sequence. Due to rapid propagation of deformati@r the frontal ramp (normal fault), the fault-
bend fold developed out-of-sequence. In contrasthé eastern SR/PP, the model results display
deformation by detachment folds, fault-propagafioids and pop-up and pop-down structures.
Along the transition zone between the eastern amdral parts of the model and the prototype
SR/PP, the Salt Range Thrust terminated to theaasy a S-bend at Chambal Ridge and was
replaced further to the north by the Jogi Till ®dgn the surface and by a lateral ramp in the
subsurface. The lateral ramp may be a basemewtwgteu The models show that mechanisms of
translation vs. telescoping in the presence of raggbems may be responsible for the change in
structural trends in the central and eastern SR/PP.

The model results show that culmination structutegelop above the frontal ramps in
the central SR/PP and the Surghar Range as w#ikeasonnecting oblique ramp. The FBF over
the trailing frontal ramp representing the SurgRange is internally more deformed as compared
to the leading frontal ramp in the central SR/PRe Tight-lateral movement along the Kalabagh
Fault above the oblique ramp is shown by a sligbtlavise rotation of folds over the oblique
ramp, but there is not a significant displacement@npared to the displacement seen along the
Kalabagh Fault in the prototype. The discontinuadge in the basement can be better explained
by an oblique ramp on the basis of its NWN origotato the NS to the transport direction of
thrust sheet.

The model results confirm a high taper value fug teformation of NPDZ above a
frictional substrate but not the passive transtabwer the weaker substrate afterward. However,
the present structural style in the NPDZ, which &dswer taper, closely resembles deformation
above a weaker decollement. Most of the shorterabgve the frictional substrate was

accommodated by layer parallel shortening, folding shearing. The models support better the

124



interpretation of that the NPDZ was developed aveluctile substrate than deformation over a
frictional substrate based on the present strulcstybke of the NPDZ. The models result show that

the structural variation in the SR/PP may be cdietidby 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 weaklldemmt, variations in mechanical
stratigraphy, differences in the basement dip drahges in shear resistance were considered to
be responsible for the contrasting structural stygleoss the SR/PP. However, seismic data reveal
that the SR/PP has many basement structures thag weectivated during compressional
tectonics and consequently may have governed e et deformation in the prototype. In this
project, the centrifuge modelling technique wasduseaddress the contrasting structural style in
the SR/PP. During this study, mechanical stratigyapnd basement structures (ramp systems)
were taken into consideration to address the vaniat the structural style across the Prototype.

The project fulfilled the following goals: (1) eflished the mechanical stratigraphy of
SR/PP influencing its structural style; (2) docuteeinthe geometric and kinematic evolution of
folds and thrust faults, and their interrelatiopshi SR/PP; (3) confirmed the role of basement
parameters (ramp systems) on the variation in thectsiral styles across the SR/PP; (4)
investigated the transformation of the emergentt &dnge Thrust along strike; and (5)
investigated how the evolution of NPDZ could bduahced by a low-yield strength salt horizon
as compared to a strong decollement. The studyshleas that centrifuge modelling is a useful
technique for helping to understand the structaxalution of SR/PP. The results of this study
may have similar implications to other salt-relatiett-thrust belts. As well, this modelling
project has significantly advanced the present tstdeding of the kinematic evolution of the
SR/PP.

The established mechanical stratigraphy of SR/MR alternating bulk competency,
when shortened horizontally, developed a seriegeafogically realistic fold-thrust structures.

Moreover, the model Salt Range Formation providesleak horizon for the deforming thrust
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sheet. Initially, detachment folds propagated iueace from hinterland to foreland in the model
carapace unit above the model Salt Range Formatitm decreasing amplitude toward the
foreland. With the continued shortening of the nisdéhe detachment folds transformed into
fault propagation folds and then finally into lowede thrust faults as the previously folded
carapace unit was transected. The thrust fault® wbserved to join another weak detachment
within the model Rawalpindi group above the modatapace, following a flat-ramp-flat
geometry. The lower flat was located within the mlo8alt Range Formation, while the ramp
developed across the model carapace and the ulgperds provided by a weak detachment
within the model Rawalpindi Group. This sequencel@feloping folds followed by thrust faults
illustrates an evolutionary relationship betweeasth structures. Based on these observations, it
can be assumed that the SR/PP may have gone thewgjmilar geometric and kinematic
evolution.

The weak horizon represented by the model Salg&&wormation at the base acted as an
effective decollement which is likely responsibde the typical geometric structural style that can
be observed in the eastern SR/PP. In the mode&djitiierland area was characterized by low-
angle thrust faults. In contrast, the foreland dgyed pop-up, pop-down, detachment and fault -
propagation folds. Furthermore, the preferred vecge(toward the foreland) of some structures
near the hinterland even in the presence of a wedd@llement may have been caused by the
flow of the model Salt Range Formation from thediyres into the cores of anticlines. Similar
foreland-verging structures can also be observedeanorthern part of the SR/PP. Moreover, the
low cross-sectional taper values of the SR/PP hadmodels and development of symmetrical
folds can be attributed to the low basal frictioBaf Range Formation). The modelling
observations lead to the conclusion that the sthen§ the Salt Range Formation has a major

influence on the structural style of the SR/PP msussed in Chapter 4. The models further
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suggest that in the presence of upper and lowerchetents, the overall structural style of the
SR/PP is a “blind duplex.”

The model results show that the presence of ant#tenormal fault during compression
localized a major thrust of the hanging wall oviee footwall, duplicating the stratigraphy. A
weak decollement and a basement fault in the madkieed an easy glide of the thrust sheet
without internal deformation of the roof sequendest of the shortening was accommodated by
translation of the thrust sheet over the main bramp in the models. However, in the eastern
side of the models, representing the eastern SR$Réttening had been accommodated by
internal deformation of the thrust sheet withouy aignificant repetition of strata through major
thrusting. The general geometry of the structundbeé eastern side of the models is characterized
by detachment and fault propagation folds.

In the eastern side of the models, the model Batige Formation had moved from the
core of the synclines into the cores of anticlinéss phenomenon suggested that thinning of the
Salt Range Formation in the eastern SR/PP may ledaby secondary movement of the salt
during compressional tectonics in contrast to printainning as previously proposed.

The models demonstrate that the contrast in tfemation style between the central and
eastern SR/PP can be explained by basement rangmsydn the model, the frontal ramp linked
to an east-dipping lateral ramp closely replicatiee contrasting structural style that can be
observed in SR/PP. The east-dipping lateral ramgksnthe transfer zone between fault-bend
fold, and detachment folds and fault-propagationdso Moreover, the variation in the
deformation style both in the models and prototgpe be related to two different mechanisms
accommodating equal shortening i.e., translatiantelescoping. The model results confirm the
development of the Salt Range Thrust in two stageksdying out in an “S” geometry toward the
eastern SR/PP, as was previously suggested by @asipd Sprat (1998). The S-bend geometry

is represented by the Chambal and Jogi Tilla ridgethe prototype, which are the surface
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expression of the transfer zone developed abovéatbeal ramp between the central and eastern
SR/PP. Therefore, it can be derived from the motlals the frontal ramp and lateral ramp had
made a major contribution towards the structurglesof the SR/PP. Moreover, in both the
models and the prototype, displacement along the R&mge is transferred to folding in the
eastern side close to the lateral ramp. The matesrate that the frontal ramp might have
generated stress concentration and activated uptedlettion of the thrust sheet forming a major
culmination structure that resulted in surface expe of the Salt Range Thrust in the prototype.
However, the basement normal fault was constructéide models and hence, it was not possible
to conclude that the prototype was created by fexiwading, as the centrifuge machine has a
rigid base plate for mounting the model.

The Kalabagh Fault strikes obliquely (N#) to the transport direction and has been
interpreted to overlie a basement ridge of unspetibrigin. Model results show that the
basement structure below the Kalabagh Fault coeleidplained better by an oblique ramp (based
on its orientation) connecting the two frontal ravgi Surghar Range and central SR/PP. Dixon
and Spratt (2004) suggested that a tear fault atimgetwo frontal ramps was unstable and prone
to rotation. Based on these observations from todetresults, the Kalabagh Fault may not be a
true tear fault but an oblique ramp striking ateangle to the transport direction. Therefore, the
models suggest that the basement ridge may belaimdby an oblique ramp connecting the two
frontal ramps below the Surghar Range and the @leBR/PP. In the models, no significant right
lateral movement was observed, but a slight closkwbtation of folds over the oblique ramp
may be indicative of some right-lateral displacemém the initial stage, a major culmination
structure developed over the lateral ramp confogmtim its orientation. Structures above the
model lateral ramp oriented in a WNW direction hadide resemblance to the prototype
structures oriented in a NNW direction at a higstage. But generally, from the models it can be

deduced that the structures oriented in the NNWectiobn in the prototype are due to
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transpressional deformation developed above aalatermp in the basement. The models
illustrate that decoupling of the platform sequefroen the underlying Salt Range Formation,
might have supported the jumping of decollemeninfrseaker salt into weaker shale above and
might be responsible for the exposure of Mesozoiks on the surface in the Surghar Range as
compared to the Salt Range, where Salt Range Fommast exposed on the surface. It can be
derived from the models that the Surghar Rangeiareaderlain by Salt Range Formation with a
characteristic thin-skinned style of deformatiomast similar to SR/PP.

The NPDZ was deformed above frictional and ducsildstrata during this study to
understand its evolution. In the models with atioical substrate at the hinterland, imbricate
stacking developed without any significant dispfaeat along analog thrust faults. Most of the
shortening was accommodated in the frictional sabsin by layer-parallel shortening and minor
folding while the overlying model carapace, Rawadpi and Siwalik groups deformed by
buckling. The model results strengthen the ideaigh taper value of NPDZ above a frictional
substratum during its initial evolution. Howeveurithg the later stages of shortening, the model
NPDZ did not show any significant movement over dinetile substratum. The models in which
the NPDZ was deformed above a frictional substrahad very crude resemblance with the
prototype. Therefore, shortening of the NPDZ ovstrang decollement contradicts the previous
interpretation regarding its evolution (Jaume ailtiel. 1988). However, the models with ductile
substrate closely replicated the piggy-back stfleleformation as observed in the NPDZ. The
models show strong deformation as well as forelaerding thrust faults with the development of
“blind duplex” geometry as can be observed in tiRDX. Therefore, it is also possible that the
NPDZ may have been formed over the ductile sulessaatcompared to a frictional substrate due
the close similarity between the deformation stylest can be observed in the models as well as
in the prototype and the low topographic slope nbey due to its evolution over a weak

detachment.

130



The model results suggest that the distributiothef basement ramp systems and Salt
Range Formation are considered to have significaptication on the structural variations and
complex deformation in the SR/PP. The temporal bgwveent of fold-thrust structures through
stages in modelling revealed by observation lendight into the progressive evolution of the
SR/PP, which in turn has made it imperative to tgvex better understanding of the thrust
dynamic and structural interpretation of the SR/MBreover, the model results will assist in
viable assessment of prospective reservoirs imtba. It is therefore, very crucial to consider the
role of the basement ramps systems along with #eR&nge Formation while interpreting the

structural styles of the SR/PP and exploiting tleador hydrocarbon exploration.

6.2. CONCLUSION

This study, based on centrifuge modelling, exdire contrasting structural style in the
SR/PP on the basis of mechanical stratigraphy asdrbent ramp systems. The models suggest

that SR/PP could have the following features:

1. Salt Range Formation could provide an efficientalleecnent for the propagation of the
thrust sheet. The mechanical stratigraphic comiindikely influenced the evolution of
the folds and thrust faults, with a mechanically aker unit providing a basal
decollement, and the strong platform sequence reipg to shortening by folding and
ultimately facilitating the nucleation of thrustufes with flat-ramp geometry. The
mechanically weaker horizon within the Rawalpindo@ could have provided an upper
detachment above which the competent Siwalik Grdeformed by buckling only. The
presence of upper and lower detachments creatbtina ‘duplex” geometry. The unique
combination of mechanical stratigraphy exerted gnificant control on the present

structural style of the SR/PP.
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The overall deformation style of the central SR/BPFsimilar to the fault-bend fold
geometry as suggested by modelling. The frontalpraould have been localized by a
basement normal fault, responsible for the defdectf the whole stratigraphic sequence
toward the surface. Models further suggest thattmbination of weak decollement and
frontal ramp cause the thrust sheet in the cel@RPP to show very little internal
deformation because of easy glide toward the fatklén contrast, the thrust sheet in the
eastern SR/PP, lacking a basement normal faultwstgirong internal deformation,

characteristically developing pop-up, pop-down, &ndt propagation folds.

The change in the structural style in an E-W diogcacross the SR/PP could be related
to two different mechanisms (translation vs. tebgsog) synchronously accommodating

similar amount of total shortening by the developtra contrasting structural styles.

The transition zone between the contrasting stratsiyles could be marked by a lateral
ramp in the subsurface, the surface expression to€hwis marked by “S” bending

represented by Chambal and Jogi Tilla ridges.

The basement rise in the western SR/PP below thebKgh strike slip fault may be an

obliqgue ramp connecting the two frontal ramps at$hirghar Range and central SR/PP.

The NPDZ may have evolved above a ductile unit, 8ajt Range Formation, as did the

SR/PP.

It is possible that the basement configuration,siimg of pre-existing normal faults,
and mechanical stratigraphy have greatly influentted contrasting structural styles in
the SR/PP. Therefore, it is necessary to consigerrole of these parameters in the

evolution and variation of structural styles in ®ie/PP.
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6.3. POINTS FOR FUTURE WORK

The work presented in this thesis provides a fatiod for expanding it to the other parts
of the fold-thrust belt in Pakistan, which has ieting structural styles. This technique may also
be very useful in resolving many structural protdeassociated with the Himalayan fold-thrust

belt in Pakistan, for example:

Extend a similar study into the Kohat Plateau andaighan belt, particularly for
hydrocarbon exploration integrated with seismicagdaind compare their structural style
with that of SR/PP.

Investigate the effect of varying the relative sgi of the competent and incompetent

units on the structural style in the Pakistani Hagan fold-thrust belt.

Pakistan has many regional-scale tear faults, €ggman Fault, Murree Fault, etc.
Similar modelling may provide clues to assess tile of tear faults in controlling the
geometry of features like the Indus reentrant, &ladara Kashmir Syntaxis, and to

establish their relationship to regional scale (Bleyan orogeny).

Possibly, the modelling can be used for hazardyaisaby mapping fault patterns in the
models, to suggest where faulting would occur ia firototype. This may help in

predicting seismically hazardous areas in the Higsa fold-thrust belt.
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APPENDIX A

To model the structural style of Salt Range andwBo Plateau; 63 models were
constructed and run at an acceleration of 406wever, only selected models were presented
and discussed in chapters 4 and 5 to investigatengthanical stratigraphy and structural style of
the Salt Range and Potwar Plateau. It is alsocditfito present all the models in Appendix A,
therefore, selected models are presented heredolers along with units and ratio, surface and

transverse sections views through different stages.

MODEL SF1

Ratio of thickness of Final Colours of Total

Unite Name Plasticine:Silicone | Thickness of - Number of
, . Plasticine
Putty Laminae Unit (mm) 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 Formatior 0:1 10 | - 1

SURFACE SECTIONS
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TRANSVERSE SECTIONS
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MODEL SE5

Ratio of thickness of Final Colours of Total
Unite Name Plasticine:Silicone | Thickness of L Number of
: . Plasticine
Putty Laminae Unit (mm) Layers
Siwalik Group 2:1 2.5 Light blue 16
Rawalpindi Group 311 2.0 Green 16
Carapace 1.0 0.5 Red 1
Salt Range Formatior 0:1 1.0 | - 1

SURFACE SECTIONS

153




TRANSVERSE SECTIONS
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MODEL SF15

Ratio of thickness of Final Colours of Total
Unite Name Plasticine:Silicone | Thickness of L Number of
: . Plasticine
Putty Laminae Unit (mm) Layers
Siwalik Group 2:1 2.5 Light blue 16
Rawalpindi Group 311 2.0 Green 16
Carapace 1.0 0.5 Red 1
Salt Range Formatior 0:1 1.0 | - 1

SURFACE SECTIONS
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TRANSVERSE SECTIONS
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MODEL SF17

Ratio of thickness of Final Colours of Total
Unite Name Plasticine:Silicone | Thickness of . Number of
. i Plasticine
Putty Laminae Unit (mm) Layers
Soan Formation 1:0 1 Yellow 1
Siwalik Group
(Chinji, Nagri and 2:1 2.0 Green 16
Dhok Pathan Fms)
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

Ratio of thickness of Final Colours of Total
Unite Name Plasticine:Silicone | Thickness of . Number of
. i Plasticine
Putty Laminae Unit (mm) Layers

Soan Formation 1:0 1 Yellow 1
Siwalik Group
(Chinji, Nagri and 1:3 2.0 Green 16
Dhok Pathan Fms)
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 Formatior 1:4 1 Black 4

SURFACE SECTIONS
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TRANSVERSE SECTIONS
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MODEL SF19

Ratio of thickness of Final Colours of Total
Unite Name Plasticine:Silicone | Thickness of . Number of
. i Plasticine
Putty Laminae Unit (mm) Layers

Soan Formation 1:0 1 Yellow
Siwalik Group
(Chinji, Nagri and 1:2 2.0 Green
Dhok Pathan Fms)
Kamlial Formation 1.0 0.4 Black
Murree Formation 1:2 1.6 Red
Carapace 1:0 1 Green + bla¢
Salt Range Formatior 1:4 1 Red

SURFACE SECTIONS
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TRANSVERSE SECTIONS
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MODEL SF23

Ratio of thickness of Final Colours of Total
Unite Name Plasticine:Silicone | Thickness of L Number of
: . Plasticine
Putty Laminae Unit (mm) Layers
Siwalik Group 2:1 3.0 Red 16
Rawalpindi Group 11 2.0 Green 16
Carapace 1:0 1 Black+yelloy 4
Salt Range Formatior 1:2 1 Red 4

SURFACE SECTIONS
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TRANSVERSE SECTIONS
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MODEL SF28

Ratio of thickness of Final Colours of Total
Unite Name Plasticine:Silicone | Thickness of L Number of
: . Plasticine
Putty Laminae Unit (mm) Layers
Siwalik Group 2:1 1.67 Red 16
Rawalpindi Group 11 1.34 Green 8
Carapace 1:0 0.67 Black+yello 4
Salt Range Formatior 1:2 0.67 Red 4

SURFACE SECTIONS
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TRANSVERSE SECTIONS
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MODEL SF34

Ratio of thickness of Final Colours of Total
Unite Name Plasticine:Silicone | Thickness of L Number of
. . Plasticine
Putty Laminae Unit (mm) Layers
Siwalik Group 2:1 1.67 Red 16
Rawalpindi Group 11 1.34 Green 7
Carapace 1:0 0.67 Black+yelloyw 4
Salt Range Formatior 1:2 and 1:0 (at 0.67 Red 4
hinterland)

SURFACE SECTIONS
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TRANSVERSE SECTIONS
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MODEL SF39

Ratio of thickness of Final Colours of Total
Unite Name Plasticine:Silicone | Thickness of L Number of
. . Plasticine
Putty Laminae Unit (mm) Layers
Siwalik Group 2:1 1.67 Red 16
Rawalpindi Group 11 1.34 Green 7
Carapace 1:0 0.67/0.32| Black+yellow 4/2 (HW
(HW/FW) IFW)
Salt Range Formatior 1:2 0.67/0.31 Red 4/2 (HW/
(HW/FW) FW)

HW=Hanging Wall and FW=Footwall

The ramp geometry in the model SF39 is similathasve Figure 5.1(a).

SURFACE SECTIONS
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TRANSVERSE SECTIONS

MODEL SF43
Ratio of thickness of Final Colours of Total
Unite Name Plasticine:Silicone | Thickness of - Number of
. ! Plasticine

Putty Laminae Unit (mm) Layers
Siwalik Group 2:1 1.82 Red 16
Rawalpindi Group 1.1 1.415/0.71 Black 11/5

(HW/FW)

Carapace 1:0 0.35 Green+yellow 2
Salt Range Formatior 1:2 1.415 Red 4

HwW=Hanging Wall and FW=Footwall

The ramp geometry in the model SF43 is similarhasve Figure 5.1(a).
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SURFACE SECTIONS
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TRANSVERSE SECTIONS

MODEL SF46
Ratio of thickness of Final Colours of Total
Unite Name Plasticine:Silicone | Thickness of . Number of
. . Plasticine

Putty Laminae Unit (mm) Layers
Siwalik Group 2:1 2.31 Red 16
Rawalpindi Group 1.1 1.54/.78 Green 11/5

(HW/FW)
Carapace 1:0 0.39 Black, blue & 3
yellow

Salt Range Formatior 1:2 0.78 Red 4

HwW=Hanging Wall and FW=Footwall

The ramp geometry in the model SF46 is similathasve Figure 5.1(a).
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SURFACE SECTIONS
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TRANSVERSE SECTIONS

MODEL SF49
Ratio of thickness of Final Colours of Total
Unite Name Plasticine:Silicone | Thickness of - Number of
) . Plasticine
Putty Laminae Unit (mm) Layers
Siwalik Group 2:1 2.31 Red 16
Rawalpindi Group 1:1 1.54/.78 Green 11/5
(HW/FW)
Carapace 1:0 0.39 White+Black 3
Salt Range Formatior 1.2 0.78/0.39 Red 4/2
(HW/FW)

HW=Hanging Wall and FW=Footwall

The ramp geometry in the model SF49 is similarhasve Figure 5.1(b).
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SURFACE SECTIONS
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TRANSVERSE SECTIONS

183



MODEL SE55

Ratio of thickness of Final Colours of Total
Unite Name Plasticine:Silicone | Thickness of -~ Number of
. 4 Plasticine
Putty Laminae Unit (mm) Layers
Siwalik Group 2:1 2.31 Red 16
Rawalpindi Group 11 1.54 Green 11
Carapace 1.0 0.39 Black & 3
orange
Salt Range Formatior 1:2 0.78 White, Green  4/6
& Red

HW=Hanging Wall and FW=Footwall

Schematic plan view of the model SF55 showing pmsiof the mechanical boundary between
the model Northern Potwar Deformed Zone and théhson Salt Range and Potwar Plateau.
Across the mechanical boundary the frictional andtite substrate have equal thicknesses. This
configuration was used to model the evolution ofrtNern Potwar Deformed Zone over a

frictional substrata.
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SURFACE SECTIONS
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TRANSVERSE SECTIONS

MODEL SF58
Ratio of thickness of Final Colours of Total
Unite Name Plasticine:Silicone | Thickness of - Number of
X 4 Plasticine
Putty Laminae Unit (mm) Layers
Siwalik Group 2:1 2.31 Green 16
Rawalpindi Group 1:1 1.54/0.77 Red 11/5
(HW/FW)
Carapace 1.0 0.38 White & black 3
Salt Range Formatior 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 showingtjpmsi of frontal and trailing frontal ramps
connected by a tear fault. This configuration wasduto model the Surghar Range (underlain by
frictional substrata) and the central Salt RangeRmtwar 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

Ratio of thickness of Final Colours of Total
Unite Name Plasticine:Silicone | Thickness of L Number of
: . Plasticine

Putty Laminae Unit (mm) Layers

Siwalik Group 2:1 2.31 Red 16
Rawalpindi Group 11 1.54/0.77 Green 11/5

(HW/FW)

Carapace 1:0 0.38 White & black 3

Salt Range Formatior 1:2 0.7/0.38 | Green & Red 4/4

HW=Hanging Wall and FW=Footwall

Model SF59 has similar basement configuration aistidnal substrata on either side of the tear

fault as shown in model SF58.

SURFACE SECTIONS
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TRANSVERSE SECTIONS

MODEL SF61
Ratio of thickness of Final Colours of Total
Unite Name Plasticine:Silicone | Thickness of - Number of
. ! Plasticine

Putty Laminae Unit (mm) Layers

Siwalik Group 2:1 2.31 Red 16
Rawalpindi Group 1:1 1.54/0.77 Green 11/5

(HW/FW)

Carapace 1.0 0.38 White & black 3

Salt Range Formatior 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 asddel SF58 and 59 but in contrast has
similar weak ductile strata on either side of thar tfault, . The model results show that a tear

fault is unstable and rotated in clockwise dirattimd therefore, show no close relationship with

the prototype.

SURFACE SECTIONS
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TRANSVERSE SECTIONS
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