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The Salt Range and Potwar Plateau of northern Pakistan are part of

the thin-skinned, active thrust system related to the ongoing collision of

the Asian and Indian continental blocks. Platform rocks and orogenic

molasse of the Indo-Pakistani shield are deformed in south-verging thrusts

and folds, relative to a northward-converging basement. This results in

three different styles of deformation along a north-south, balanced cross

section in the western Potwar Plateau and Salt Range. This cross section,

as well as structure and isopach maps for the entire Salt Range! Potwar

Plateau region, were constructed using surface geologic maps, seismic

reflection, drillhole, and gravity data.

In the Northern Potwar Deformed Zone (NPDZ), shortening of 68% iS

accomodated by a trailing imbricate stack of high ad low-angle, south-

verging faults. These faults are rooted in a master decollement within an

Eocambrian evaporite sequence (Salt Range Fm.), which overlies a north-



dipping basement surface at a depth of approximately 8 km. Southward

progression of regional deformation with time appears to be interrupted by

overstep, or back-break, thrusting. The low-angle faults, or a possible

basement uplift, may represent the ramp for a protracted interval of

imbricate faulting that began in middle to late Miocene ( 15-10 mybp).

Later, the basal detachment propagated rapidly, transporting the NPDZ

sequence and the developing Soan Syncline (southern Potwar Plateau)

southward, without major internal deformation within the Syncline. Within

the last 2.0 my, the older units overlying the Salt Range Fm. have been

exposed along the Salt Range, where the basal detachment ramped to the

surface.

A north-facing, subsurface normal fault, that offsets basement and

controls frontal ramping along the central portion of the Salt Range, is not

present in the western Salt Range. Rather, the older platform rocks and

overlying molasse are carried southward up a basement monocline. This

monocline is a protrusion on the northeast flank of the northwest-trending

Sargodha Ridge, a buried basement arch that may represent a flexural

response to Himalayan tectonic loading. Although the footwall, underlying

the thrust plane, has not been drilled in the Salt Range, seismic control and

two-dimensional gravity modeling suggest the presence of autochthonous

sedimentary rocks, overlain by a thickened layer of evaporites,

In the western Salt Range, the leading edge of the Salt Range Thrust

(SRI) overrode its footwail block about 34 km. Additional shortening may

have been accomodated by a series of imbricate thrusts in the Salt Range

Fm., or the footwall strata may be imbricated. This would add northward

taper to the basement dip, allowing the SRI to be exposed at the surface.

An average shortening rate of approximately 1.3 cm/yr is comparable to



the shortening rate for the NPDZ, if thrusting there occurred over a 7-8 my

interval, Overthrust shortening along the SRT in the central Salt Range has

been estimated at between 1 9 and 23 km. The larger amount of

overthrusting in the western Salt Range, as compared to the central Salt

Range, is consistent with the structurally-salient range front along this

western edge. Minimum overall shortening, from the southern edge of the

Peshawar Basin to the undeformed Jhelum Plain, is estimated at 21 3 km, a

shortening of about 49%. This is comparable to the amount of fold and

thrust shortening in other deformed forelands.
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Balanced Structural Cross Section of the Western Salt Range and
Potwar Plateau, Pakistan: Deformation Near the Strike-Slip

Terminus of an Overthrust Sheet

1. INTRODUCTION

Overview

This thesis focuses on the zone of active folding and thrusting in the

foreland of the Himalaya in Pakistan (Fig. 1). The primary objective is an

analysis of structural style, and calculation of the amount of thin-skinned

shortening in the western Potwar Plateau and Salt Range. Subsurface

structure and isopach maps, constructed with the aid of recently released

seismic reflection lines, served as the basis for the primary north-south

cross section (C-C) discussed throughout the thesis (Fig. 2). The seismic

lines, and resulting subsurface maps, illustrate significant changes in

frontal and lateral ramping styles, and permit interpretations of the

timing, sequence, and style of thrusting and other deformation.

Distinctive tectonic styles evolved in Pakistan because a ductile,

basal evaporite sequence lies beneath a thin section of competent platform

rocks, and thick molasse. Results and interpretations from the western

Salt Range and Potwar Plateau can be compared to interpretatiors

elsewhere in the Pakistan foreland, and may be important in interpreting

ancient fold and thrust belts. The comprehensive reflection, drillhole, and

gravity data set complements on-going field investigations in Pakistan, but

suggests revisions to existing structural interpretations, and further areal

constraints to timing information. Depth conversion, balancing, and
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restoration of a seismic transect across the foreland demonstrates about

49% shortening over the entire length of cross section C-C, that occurred

at an average rate of 1. 1 -1 .3 cm/yr over the last 1 0-15 my. Gravity

modeling along this transect supports the interpretation that the western

portion of the Salt Range encountered a basement buttress branching

northward from the Sargodha Ridge, allowing the Salt Range Thrust (SRT)

to cut to the surface. A basement uplift may also be responsible for

initiation of thrusting in the Northern Potwar Deformed Zone (NPDZ),

although there> instead of a single overthrust sheet, a thicker platform and

molasse sequence yielded by imbricate faulting. Synthesis of these

structural interpretations, with published timing arid structural

information, permits reconstruction of the deformation and depositional

history of the Potwar Plateau and Salt Range (App. E).

Descriotion of thesis area

The geological and geophysical presentations center around two

adjacent basemaps, the Bannu-Kohat basemap in the west, and the Salt

Range-Potwar basemap in the east (Fig. 2). This study focuses on the

eastern basemap where cross section C-C' lies, though its proximity to the

boundary of the two maps necessitates extending some interpretations into

the area to the west. The Salt Rarige-Potwar basemap is also the focus of

work by Baker (in prep.) and Baker et al. (in review) in the central Salt

Range anct central Potwar Plateau (section A-A'), and by Penriock (in prep.)

in the eastern Potwar Plateau (section B-B'). This tripartite division is

necessary because distinct structural provinces exist from west to east

across the Salt Range and Potwar Plateau. Jaume (1 986) and Jaume and
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Lillie (in press) analyzed these changes in terms of thrusting mechanics of

the Salt Range and Potwar Plateau. Regional gravity and flexural modeling

studies by Duroy (1986) and Duroy et al. (in press) were also constrained by

the structural cross sections from the foreland fold and thrust belt. Figure

3 identifies many of the geomorphic and structural features that will be

mentioned in subsequent discussions.

Objectives

The primary objective of this thesis was to prepare a balanced and

restored structural cross section from a depth-converted seismic transect

in the western Potwar Plateau and Salt Range. From the restored cross

section, the amount of shortening relative to the basement was

determined, as well as an interpretation of the relative sequence of

deformation and thrust emplacement.

Any two-dimensional interpretation, whether seismic, structural or

stratigraphic, risks serious misties to data outside the plane of the

section. Areal interpretations must be included to tie together adjacent

cross sections. To this end, the geological and geophysical data were used

to develop a three-dimensional structural picture, including isopachs of

formations and sequences, to help define the interrelationship between

deposition and deformation (App. D). Three-dimensional analysis was also

necessary to compare both "corners" of the Salt Range: the abrupt western

termination where the SRT merges with the Kalabagh Fault, and the more

structurally diffu5e southeast portion of the Potwar Plateau. Both areas

are bounded by major structural reentrants, and may represent edges of the

Eocambrian salt basin, yet they appear to have different structural styles.
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Geologic Problems

Some of the questions which are addressed in this thesis are:

How much shortening has there been in the sedimentary cover of the

western Salt Range and Potwar Plateau due to folding and thrusting, and to

what degree has the basement been involved in this process ?

What is the timing relationship of the SRT with the imbricate faults in

the NPDZ ? Likewise, what is the timing relationship between these

thrusts and the Kalabagh Fault ?

How does the ramping mechanism for frontal thrusts vary along the

strike of the Salt Range ?

What is the nature of the lateral ramp as the SRT merges with the

Kalabagh Fault ?

How is the deposition of the Tertiary molasse related to the timing of

deformation ? To what extent can the magnetostratigraphic studies,

concentrated in the eastern and central Potwar Plateau, be used to

constrain timing of events in the western Potwar Plateau?

How compatible are sedimentation, uplift and erosion rates with

interpretations of timing and rate of deformation in the western Potwar

Plateau?

Description of data sources

Seismic reflection data form the backbone of this study (Fig. 4).

Although specific lines were used to construct cross section C-C, all the

lines were incorporated in the isopach and structure maps (App. D). The
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seismic data were made available to Oregon State University through

collaboration with the Oil and Gas Development Corporation (OGDC) of

Pakistan. The data set is a composite package of lines contracted by Gulf

Oil Pakistan Ltd., Amoco Pakistan Exploration Company, Ltd., and OGDC. The

Gulf and Amoco data are on expired concessions, and have been released to

OSU through the Ministry of Petroleum and Natural Resources of Pakistan.

Different data sets vary by acquisition and processing parameters, and

overall quality is fair to very good. For about half of the data set, migrated

sections are available. The vintage of most of the data is from 1978 to

1982. Total seismic coverage is 2708 km, with 1319 km on the Bannu-

Kohat basemap (Fig. 4a), and 1 389 km on the Potwar-Salt Range basemap

(Fig. 4b).

Surface stratigraphic control for the pre-molasse platform rocks is

limited to detailed mapping in the Salt Range by Gee (1980), because

molasse and alluvium cover most of the Potwar Plateau. Gees excellent

maps were useful in working out details of the frontal area of the thrust

sheet, where the seismic data deteriorate due to structural complexities

and rough topography. Prior to the beginning of magnetostratigraphic

analyses, fades correlations within the molasse were made primarily on

lithologic criteria, which failed to recognize complex relationships

between time lines and formation boundaries. This shortcoming became

apparent in misties found during compilation of composite geologic maps

(Fig. 5), from partial geologic maps at various scales (Fig. 6). Overall,

though, the composite maps represent structure fairly well. Likewise, well

tops within the continental molasse are probably suspect.

Magnetostratigraphic dating techniques have recently been extensively

used to define time-stratigraphic boundaries, but most of the work has
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FIGURE 5a
FIGURE 5. Composite geologic maps. Quaternary alluvial cover not always
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Kohat Plateau. Details of Salt Range mapping by Gee (1980) are not shown,

ecept for portion of western Salt Range given in Figure 18. In general, the

inverted V pattern represents the Cambrian to Eocene platform units.
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Plateau, faulting is not indicated. The heavy lines on (a) are portions of
modeled transects shown in Figure 4a, reproduced here to show
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(a) Kohat-Bannu basemap, (b) Potwar-Salt Range basemap
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been in localities scattered around the eastern Potwar Plateau (see

Johnson et al., 1986).

Substantial drilling in the Potwar Plateau, and somewhat less

activity in the Kohat and Bannu areas (Fig. 7), has proven a few commercial

oil and gas fields, with the Toot and Meyal fields being two of the more

actively developed (Fletcher and Soeparjadi, 1 984). Although a few deep

tests have been drilled, most of the wells have been completed in either

the prospective Jurassic and Paleocene/Eocene section, or even shallower,

productive middle Tertiary clastics (Pinfold, 1954; Datta and Sastri,

1977).

Bouguer gravity maps (Fig. 8) are simplified versions of more

detailed maps; the more detailed maps provided gravity profiles for most

of the cross sections. Though the data from the Jhelum Plain and the

Potwar Plateau came from different sources, only a 5 mgal mistie resulted.

In the northern Potwar Plateau, regional scale data (Marussi, 1976) were

available, but of insufficient detail to use in the gravity profiles modeled

in this thesis. Additional information on data sources, and gravity analysis

and modeling, is found in Appendix A.

Previous and significant related work

The portion of the Himalayan foreland fold and thrust belt in the

thesis area has generated significant geological interest, even prior to the

search for hydrocarbons. The oldest rocks along any of the Himalayan

frontal thrusts are exposed in the Salt Range, encouraging investigations in

the area since the latter part of the nineteenth century. Much of the earlier

work involved stratigraphy and biostratigraphy (e.g., Wadia, 1919; Gee,
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1949; Gil) 1951b; Gansser, 1964; Pilibeam, 1977; among others). The

sedimentology of the orogen-derived Rawalpindi and Siwalik clastics has

been analyzed by several workers (e.g., Parkash et a),, 1 980, Raynolds et al.,

1 980, Abid et al., 1 983).

Until recently, most discussions of the structure and tectonics of

the Salt Range and Potwar Plateau have been limited to brief accounts as

part of regional syntheses of the Pamir Arc, and the Hazara-Kashmir

Syntaxis (Powell, 1979; Seeber and Armbruster, 1979; Sarwar and DeJong,

1 979; Seeber et al,. 1 98 1); or of geographically-adjacent areas where

structural details are more amenable to field mapping (such as Meissner et

a),, 1 974, in the Kohat area to the west; and Calkins et al., 1 975, in the

Hazara region to the north). Structural descriptions of the thesis area are

found in Wynne (1878), Pinfold (1918), Anderson (1928), Wadia (1945), Gee

(1945,1947) and Gill (1951a), but these interpretations were made with

limited well control, and no seismic reflection data. Cotter's (1933)

interpretation of a regional decollement, rooted in the Attock Cherat

Range, and responsible for major overthrusting, proves to be very

insightful in view of current observations and interpretations.

Unfortunately, problematic biostratigraphy, at the time, suggested that the

Salt Range Fm. was early Tertiary in age; thus Cotter placed the

decollement surface at the base of the marine Cambrian rocks, displacing

them southward over an insitu(i.e., younger and autochthonous) Salt Range

Fm. Lees' (1 950) cross sections show 2000 m of evaporites coring the Salt

Range, as large differential overburden pressure caused massive evaporite

flowage southward into the anticlinal structure. Isopachs of the Salt Range

Fm., in combination with well control, supports Lees' interpretation of its
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thickness, n current interpretations, however, major overthrust

displacement accompanies, and may cause evaporite flowage.

Gee (1 983), Yeats et al. (1 984), Yeats and Lawrence (1 984), Coward

and Butler (1985), and Lillie et al. (in press) show that a regional scale

decollement, within the Eocambrian Salt Range Fm., underlies the entire

Salt Range and Potwar Plateau, arid that southward displacement of the

thrust sheet is on the order of tens of kilometers.

Relating the depositional history of the molasse to the

deformational history of the Salt Range and Potwar Plateau has been based

on a detailed study of the magnetostratigraphic record. Burbank et al. (in

press), Johnson et al. (1 986), and Burbank et al. (1986) summarize

conclusions synthesized from research by many workers. Some quantitative

results regarding uplift, sedimentation, and fades progression rates are

illustrated in Figure Dli.

Only limited displays and interpretations of seismic reflection data

from the Himalayan foreland have been published. Khan et al. (1986) analyze

the hydrocarbon potential of the Kohat and Potwar structural basins, and

show examples of seismic lines, one of which illustrates the basement

offset in the central Potwar Plateau interpreted by Lillie and Yousuf

(1 986) and Baker (in prep) as a normal fault ramp. Outside of the Salt Range

and Potwar Plateau area, the nearest published seismic reflection lines are

several hundred kilometers to the east, in the Ganges Plain of India (Datta

etal., 1964).



2. REGIONAL SETTING

Tectonic

The Salt Range and Potwar/Kohat Plateaus of northern Pakistan

represent a foreland fold and thrust belt in the active collision zone

between the Indo-Pakistani shield and the Eurasian Plate (Fig. 9). The

convergent plate boundary is characterized by both northward

underthrusting of thick shield lithosphere, and southward obduction of

upper crustal rocks and sediments. This has resulted in dramatic horizontal

tectonics and crustal shortening since initial collision, in latest

Cretaceous to middle Eocene, between the Indo-Pakistani shield and the

Kohistan island arc terrane (Powell and Conaghan, 1973; Stonley, 1974;

Stocklin, i974; Molnar and Tapponier, 1975; Quittmeyer et al., 1979). The

uplift of the main Himalayan range is due to isostatic compensation, and

the vertical component of crustal thrusts which subsequently developed in

late Eocene and Oligocene (LeFort, 1975; 8ird, 1978).

Closure of a back arc basin, the Shyok basin or Paleo-Tethys Ocean,

between the Kohistan arc and the Asian plate, may have occurred

subsequent to the arc/Indian continent collision (Kennett, 1982). The

corresponding southern margin of the Neo-Tethyan seaway, which rimmed

the ndo-Pakistani subcontinent, was incorporated into the Indus Suture

Zone (Miall,1984) and the Tethyan Himalaya (LeFort, 1975; Molnar and

Tapponier, i977; Stocklin, 1980; Malinconico, 1986). The Lesser and

SubHimalaya, including the Potwar Plateau and Salt Range, were well

cratonward of the shelf margin at the time of the collision and suturing

(Powell and Conaghan, 1973); yet by late Miocene this area had been

19
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FIGURE 9. Simplified tectonic map of Himalayan Mountains and Tibetan
Plateau. SR = Salt Range, Kmr = Kashmir Basin, MBT = Main Boundary Thrust,
MCT = Main Central Thrust, MET = Main Frontal Thrust. The Hazara-Kashmir
Syntaxis (HKS) is the structural reentrant between 'MBT' and "Kmr". Note
location of main cross section in this thesis (C-C', Fig. 24) and cross
section E-E' in India (Fig. 37), for comparison. Although the Jhelum and
Ganges Plains also contain Tertiary and Quaternary sediments, the stippled
pattern C' Tertiary sediments, mostly molasse"), south of the MBT,
emphasizes the deformed portion of foredeep basin north of the range-front
thrusts (i.e., the SubHimalaya). Note that the MFT in India is not mapped as
a continuous frontal fault, though intervening segments may be present, but
non-emergent. Northeast of the Salt Range, note the large strike-slip
faults that trend east-west across the Tibetan Plateau. After Gansser
(1964), Molnar and Tapponier (1977), Gassner (1981).
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influenced by the southward-progressing deformation now concentrated

along the Salt Range.

The thesis area represents some of the most recent and most

outboard deformation of the Himalayan frontal ranges, and lies at the

northwestern end of the 2500 km long Himalayan mountain belt. At the

Hazara-Kashmir Syntaxis, the Salt Range departs from the northwesterly

trend of the Himalayas, and forms a west-southwesterly trending link to

the north-trending Sulaiman Range (Fig. 2). This distinctive, oroclinal

geometry may be due to a counter-clockwise pivot around a pole of

rotation, driven by converging regional stress vectors (Crawford, 1 974;

Klootwijk, 1979a). Alternatively, a non-rotational model (Powell,1979)

suggests that the oroclinal geometry is due to the initial angular

geometries of the colliding plates.

In Pakistan, the SubHimalayan molasse belt is anomalously wide, as

compared with the zone bounding the Ganges Plain in India. The thesis area

encompasses a zone of southward-progressing deformation as the Indo-

Pakistani shield is overridden by its own northern margin in a series of

south-verging thrusts, with the Salt Range representing the active

deformation front (Yeats and Lawrence, 1 984). Thrusting probably occurred

first in India, along the Indus Suture Zone, at the time of collision

(Mattauer, 1975). Initial obduction of the Kohistan arc terrane occurred

along the Main Mantle Thrust (MMT, Figs. 2 and 9) with rapid uplift north of

the fault occurring between 30 and 15 mybp (Tahirkheli et al., 1979;

Zietler et al., 1980). The MMT dips northward, between 25° and 45°

(Baranowski et al., 1984; Malinconico, 1986), and is the southernmost

thrust involving lower-crust, crystalline rocks of the Indo-Pakistani

shield. Through fission track annealing studies, Zeitler et al. (1982)
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suggest that the MMT locked 1 5 mybp, and since then both sides of the fault

have been uplifting at the same rate. The MMT is possibly correlative to the

Indus Suture Zone in India, but the Main Central Thrust (MCT) in India, along

which high strain release is observed (Verma et al., 1977), does not have a

correlative analogue in Pakistan (Yeats and Lawrence, 1 984).

Continental thrusting was transferred, or distributed southward, t

a zone of weakness defined by the Main Boundary Thrust (MBT) in early

Miocene (LeFort, 1975; Bird, 1978). In India, the MBT is tectonically and

seismically active, where it is actually a zone of four steeply-dipping

thrusts (Valdiya, 1980; Dubey and Bhat, 1986). The MBT is poorly defined as

it wraps around the Hazara-Kashmir Syntaxis, but the series of thrusts

that border the Peshawar Basin on the south (equivalent to the Hazara

thrust zone of Seeber et al., 1981, Fig. 2) define the boundary between the

Lesser Himalaya and the SubHimalaya. Metamorphosed Paleozoic and

Mesozoic rocks, and unmetamorphosed Lower Tertiary rocks (partially

correlative with the Paleogene rocks exposed in the Kohat Plateau), are

thrust over Neogene molasse of the Potwar Plateau. Powell (1979), Seeber

and Gornitz (1983), and Yeats and Lawrence (1984) feel that the MBT, in

Pakistan, may be only superficially involved in continental underthrusting

and that, though active, this fault does not define a significant tectonic or

topographic boundary.

Thrusting and deformation proceeded southward through this

developing foredeep, uplifting and redepositing Neogene molasse. The most

recent thrusting in the northeastern Potwar Plateau occurred between 2. 1

and 1 .9 mybp (Johnson et al,, 1 985a; Raynolds and Johnson, 1 985), with

mappable deformation occurring along the Salt Range as recently as 0.4

mybp (Yeats et al., 1984). Current relative plate convergence of 3.7 to 45



21+

cm/yr (Chantelain et al., 1980; Fig. 10) indicates that deformation is still

active, although only a portion of this convergence rate is accounted for by

the shortening rates in the foreland (Baker et a)., in review).

Structure

The Salt Range and Potwar Plateau form a large allochthonous block

which has been thrust and differentially rotated along a decollement

within, or at the base of, an incompetent, evaporite-bearing sequence that

directly overlies metamorphic basement (Wadia, 1919; Cotter, 1933;

Lehner, 1 947; Wad Ia, 1 957; Gansser, 1 964; Crawford, 1 974; Seeber and

Armbruster, 1979; Yeats et al., 1984; Lillie et aL, in press; Fig. 11). This

sequence (Salt Range Fm. or Punjab Group.) is actually an evaporitic-clastic

unit, composed of gypsiferous marls, gypsum, and, where exposed along the

Salt Range, salt seams in the lower part (Qazi, 1977; Kazmi and Rana,

1 982). The Salt Range Fm. evaporites have been interpreted as the

decollement zone responsible for the anomalous rotation of the Salt Range

relative to the Himalayan trend (Seeber et al., 1981). Infrequent and low-

magnitude seismicity in the area (Quittmeyer et al., 1979; Yeats et a).,

1984), along with the fact that strata in the western and central Potwar

Plateau have been transported with so little internal deformation, can also

be attributed to the decoupling properties of the evaporites.

Microseismicity along the transverse Kalabagh Fault ("K. F.", Fig. 2)

indicates that the Salt Range detachment is active (Seeber and Jacob,

1977), and the limited seismicity elsewhere in the area may represent

small readjustments within the decollement (Seeber and Armbruster,

1979).
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The Salt Range is a pronounced topographic ridge representing the

uplifted edge of the thrust block, but the topographically-subdued Potwar

"Plateau" is a well-defined structural depression (Fig. 12). North of the

axis of the Soan Syncline lies the Northern Potwar Deformed Zone (NPDZ),

representing considerable shortening in a zone of imbricate faults (Fig. 13).

Bounding the NPDZ to the north are the Hill Ranges, a series of thrust

imbricates that displace a Cretaceous to lower Tertiary sequence over the

Rawalpindi molasse of the northern Potwar Plateau (Pinfold, 1918, Fig. 5).

The Hill Ranges, comprised of three separate uplifts, the Attock

Cherat Range, the Kala Chitta Range and the Margala Hills, represent the

uplifted southern margin of the Peshawar Basin (Fig. 3). This "piggy-back"

intermontane basin developed in the hangingwall of a southward-verging

thrust system, as thrusting transferred from the northern margin to the

southern margin of the basin between 3.5 and 3.0 mybp (Burbank and

Johnson, 1 982; Burbank, 1 983). The frontal thrust of the Kala Chitta and

the Margala uplifts, the Murree Thrust, is often called the MBT, although a

series of both blind and emergent thrusts between the Khauri Murat Fault

and the southern edge of the Peshawar basin (Fig. 1 3) probably represent

the zone of displacement equivalent to the MBT in tndia (Yeats and

Lawrence, 1984; Thakur, 1986). These thrusts subdivide the basin formed

on their backs into the Nizampur and Cambellpor Basins to south, and the

larger Peshawar Basin to the north (Gardezi and Ashraf, 1974; Fig. 3).

The MBT fault zone is currently active at the microseismic level

north of the Kohat area, though it is inactive elsewhere in Pakistan, Either

movement is occurring nearly aseismically along the northward extension

of the decollement surface, or displacement is transferred to a deeper

level 20-30 km within the crust, the Indus-Kohistan Seismic Zone (Seeber
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FIGURE 12a

FIGURE 12. Simplified topography. Maps prepared from 1:250,000 maps of
the Army Map Service (1959), and from 1:1,000,000 map of the Defense
Mapping Agency (1 974). Contour annotations in meters are approximate
conversions from original elevations given in feet on source maps.
(a) Kohat-Bannu basemap, (b) Potwar-Salt Range basemap
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FIGURE 12 Continued
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and Jacob, 1 977; Armbruster et al., 1 978; Seeber and Armbruster, 1 979).

The seismic reflection data suggest that the Salt Range detachment may

follow the basement/Salt Range Fm. interface beneath the Potwar Plateau

to the Hill Ranges. Beyond the limit of the seismic reflection control (Fig.

1 4), the detachment may extend northward, defined by microseismic

epicenters (Seeber and Armbruster, 1 979; Seeber et al., 1 981),

downstepping to deeper detachment levels, eventually merging with the

MMT (Coward and Butler, 1985).

On the west, the Salt Range/Potwar Plateau thrust block appears to

be abruptly truncated by the Kalabagh transpressional fault system (Fig.

15). This fault extends 20 km north of the Indus River (Fig. 1 3b), before

bending to the west along several north-dipping reverse faults (McDougall,

1985). Northward in the Kohat Plateau, severe thinning or lithologic change

in the Salt Range Fm., coupled with the existence of a shallower Eocene-

age evaporite sequence, results in anticlines cored by salt and shale,

underlain by blind thrusts that verge southward (Khan et al., 1986). In the

eastern Potwar Plateau, however, displacement along the SRT dies out, and

shortening is distributed along a segmented, range-bounding thrust system,

and a parautochthonous en echelon fold system, that may be only partially

decoupled from the basement (Fig. 13b). Range-bounding thrusts have also

been interpreted f or the frontal ranges of the Kohat Plateau and the Bannu

Basin (Fig, 13a), although displacement relative to the Salt Range and

Potwar Plateau can be measured only along the Kalabagh Fault.

Seventy kilometers south of the Salt Range, near the town of

Sargodha (Fig. 2) are the low-lying Kirana Hills, the largest group of inliers

of the Indo-Pakistani metamorphic and metasedimentary basement in the

Pakistan foreland (Davies and Crawford, 1971; Shah, 1977). These outcrops



PA MI R S

Proposed SICSPAK IJne

-' _'.f,' , I.'

I'

I r]

F
sQu r,

.100

F'
NORTH

FIGURE 14. Cross section F-F of the lithosphere, from the stable Indian craton, across the Himalaya
of Pakistan (see Fig. 2 for location). Northward-directed arrows beneath basement/sediment
interface infer continuation of detachment above the top of crystalline rocks, and within the Salt
Range Fm. in the Potwar Plateau and Salt Range. Orientation of arrows implies the relative motion of
the Indian lithospheric plate as it underthrusts the Asian plate (Pamirs). The Peshawar Basin, Potwar
Plateau, and Salt Range are upper crustal rocks, mostly unmetamorphosed sediments, deformed by
southward-verging folds and thrusts as northward plate convergence continues. Bouguer gravity
anomalies compiled from: a) km marks -200 to -50, Farah et al. (1977); b) km marks -50 to 150,
OGDC, published in Farah et al. (1977); c) dotted line, km marks 150 to 500, Marussi (1976); d) dashed
line1 km marks 150 to 380, is more detailed observations from Malinconico (1982,1986), projected on
to line of section. Gross upper crustal geometry of MIIT and Main Karakorum Thrust (MKT) from
I'ial inconico (1 982, 1 986). Diagram from Duroy (1 986).

1100

0-
0

-100-
-100 .,

-200-
-200

-300-
-400 KOHISTAN PESHAWAR POT WAR SALT SARGODHA

-300

100

-500 ARC BASIN PLATEAU RANGE HIGH -500

0
0

10

10 20
20

30

40
40

50
50

101

10
70- 30
30



o 5 10 15 20 25
I I I I

35

FIGURE 15a

FIGURE 15. Landsat image of western Potwar Plateau and Salt Range.
"Karang" is drillhole with location also shown in Figure 16.

uninterpreted
interpreted showing strike-slip segments of Kalabagh Fault linked by

reverse faults. Arrows infer relative right-lateral motion along strike-slip
segments of fault zone.
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FIGURE 15b

FIGURE 15 Continued
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are a portion of the crest of the Sargodha Ridge, and correspond to positive

gravity anomalies along a northwestern line of discontinuous gravity

"highs" (e.g., the Delhi-Lahore Ridge; Aithal et al., 1964; Farah et al., 1977;

Fig. 16), which eventually merge with the northeast-trending basement

exposures of the Aravalli Range in India (Datta et al., 1964). The Sargodha

Ridge) more aptly described as a broad, gentle basement uplift, represents

a reversal in basement dip from south-southwesterly on its southwest

flank to northward dip across the axis of the ridge (Datta et al., 1964; Fig.

1 6a). The ridge encompasses a zone of intermittent seismicity (Menke and

Jacob, 1976), suggesting that it may be a lithospheric bulge coupled with

the northward underthrusting of the Indo-Pakistani shield (Lyon-Caen and

Molnar, 1 983; Duroy, 1 986; and see other examples in Laubscher, 1 978;

Cohen, 1982; Karner and Watts, 1983).

Stratlgraphy

Thrusts bounding the Salt Range, and possibly the frontal ranges of

the Kohat Plateau and Bannu Basin, displace the oldest rocks exposed

anywhere along the SubI-Iimalaya. In the Trans-Indus Ranges (i.e., Marwat,

Bhittanni etc., Figs. 3 and 5a), the upper Paleozoic-Eocene section is more

than 2 km thick, and units older than Permian are not exposed. In contrast,

in the Salt Range, a relatively thin Cambrian through Paleogene sequence,

underlain by the Eocambrian evaporite decollement zone, is thrust over

undisturbed Neogene and lower Cambrian strata of the Jhelum Plain (Figs.

11 and 1 7). On his Salt Range maps, Gee (1980) does not present field

evidence of a distinct range-bounding thrust (Fig. 1 8). A thrust is exposed

only intermittently along the Salt Range, often covered by Jhelurn River
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alluvium and detritus shed by fault movements. Yeats et al. (1984) mapped

several fault contacts, although different units are overthrust at each

locality due to stratigraphic complications caused by three regional

unconformities (Fig. D10), and the mobility of the Salt Range Fm. Similarly,

in the Siwalik Range of India, as well as farther east, frontal range-

bounding thrusts are difficult to recognize, and are mapped with various

degrees of certainty and extent by different workers (Fig. 9). K. S. Valdiya

(oral comm., 1986) suggests that the best evidence for a range-bounding

thrust, along the entire Siwalik Range in India, is the progressive

truncation of fold trends in map view, as the fault cuts away from the

Ganges Plain, toward the southeast.

The Salt Range Fm. is distributed irregularly along the Salt Range,

but crops out mostly in the east-central portion where deep ravines or

"walas" cause isostatic rebound, and limited diapiric movement of the

evaporites,, The exposed thickness along the Salt Range is on the order of

500 to 800 m, and nowhere is its base exposed, though locally in the

subsurface it may be up to 3.4 km thick (Figs. Dl j,k). Overlying the Salt

Range Fm. is a platform section soled by shallow-marine Cambrian strata.

This entire sequence is truncated westward by a regional unconformity

overlain by a lower Permian to Cretaceous package, that is itself bevelled

by another unconformity that cuts down section to the east. Dominantly

marine carbonate, Paleocene and Eocene strata that complete the package

of platform rocks, are in turn truncated by another regional unconformity,

whose subcrop mimics the geometry of the Paleogene foredeep that had a

depocenter in the Kohat Plateau area (Wells, 1984). Above the Eocene

unconformity, the Siwalik and Rawalpindi molasse were deposited in an

actively subsiding foredeep which is still migrating southward. A series of
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isopach maps, and subcrop maps on the unconformity surfaces, illustrating

the thickness and geometry of these sequences and formations, is shown in

Appendix D.

Sedimentology

Before the Indo-Pakistani subcontinent rifted from Gondwanaland in

Triassic time, the area now occupied by the Salt Range and Potwar Plateau

was probably an intracratonic basin (Kozary et al., 1 968). The basin

probably lay several hundred kilometers inboard from the she'f edge of a

northwest-facing, passive margin bordering the northern edge of the

supercontinent (Gupta, 1 977; Thakur, 1 986; Yeats and Hussain, in press).

Alternatively, the area may have been an epicontinental shelf, marginal to

a fairly stable craton (Srlkantla and Sharma, 1 972), and Interior to the

Panjal flank of the Kashmir Basin which represented the inner shelf (Bhat,

1982). The oldest regional unconformity (Fig. DlOa), and less significant

unconformities (i.e., Pm/Tr, Tr/Jr; Fig. 11) within the stratigraphic

section, suggest that epeirogenic uplift and subsidence, possibly due to

basement tectonics, occurred during the development of the shelf margin

(Jam et al., 1980). Substantial shortening along large crustal thrusts and

smaller faults has destroyed and telescoped a large portion of the old outer

continental shelf. A more complete Paleozoic marine section, exposed in

the Peshawar Basin, implies that the continental shelf was very extensive

away from the craton, if not laterally extensive.

Gypsiferous deposits of possible Eocambrian age, in the Hazara

district north of the MBT (Latif, 1973; Calkins et al., 1975), indicate that

the original evaporite basin may also have extended substantially farther
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north. Several hundred meters or Salt Range Fm. penetrated by drillholes in

the Multan area, south of the Sargodha Ridge, represent the last control on

the southern extent of the evaporites (Sarwar and DeJong, 1 979). The

present east-west extent or Salt Range Fm, is even less well-defined.

Drillholes 150 km east of the Salt Range do not penetrate a basal

evaporitic equivalent prior to encountering basement (Fig. 1 9). However,

farther east, in the Himel Pradesh area, Srikantia and Sharma (1 972) report

the limited outcrops of a correlative evaporite formation. Westward from

the Salt Range, drillholes in the Kohat and Bannu area fail to test the

stratigraphic section below the Cambrian (Fig. 7a), and likewise, wells in

the Sulaiman Range (Figs. 2 and 3) are not deep tests. Sarwar and Dejong

(1979) and Jaume (1 986) infer the presence of evaporites underlying the

Sulaiman Range, based on observations of structural style. Similarly, by

projecting the top of basement (determined from seismic data and gravity

models), beneath the Kalabagh Reentrant and the Kohat Plateau, along with

the known stratigraphic thickness of the platform and molasse section,

suggests the presence of a stratigraphic interval of Eocambrian age below

the Cambrian marine rocks.

Regionally, the Hormuz evaporite sequence that lies at the base of

the Zagros Folded Belt is coeval and was possibly once connected laterally

to the Pakistan deposits (Ala, 1 974; Jackson et al., 1 980). Microplate

movements, an a major plate juncture along the Chaman Fault, make a

correlation tenuous (Farah et al., 1984). Likewise, the large Siberian

evaporite basin is a temporal equivalent to the Pakistan basin (Zarkov,

1 981), though spatial linking through the Salt Range to the Zagros basin

infers an extensive evaporite depositional environment along the

Gondwanaland margin (Borchert and Muir, 1 964; Bordet, 1 978; Zarkov,
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1981). More likely, evaporites were deposited in small, isolated basins, one

in the Salt Range and Potwar Plateau region, and another centered in the

Multan area, possibly separated by an incipient, but subdued, Sargodha

Ridge (Butler et al,, in press), or possibly by basement faults like those

suggested for the Hormuz salt basin (Jackson, 1 980). This separation is

suggested by the considerably thicker Salt Range Fm. south of the present

Sargodha Ridge, as compared to its thickness, north of the ridge, in the

undisturbed Jhelum Plain (Fig. 1 9). In the Potwar Plateau/Salt Range area,

isopachs and volume calculations over the inferred extent of the Salt Range

Fm. (Fig. D2), provide an average thickness of 0.9- 1. 1 km, suggesting a

basement that dipped less than 1 0 at the end of evaporite deposition, if the

volume defines a wedge that tapers to zero thickness at its southern edge.

This basement dip would be consistent with a basin position well

cratonward of the shelf edge, and consistent with the thickness of

evaporites for other interior basins (Kinsman, 1974). The basal

decollement may mimic the extent of the evaporite basin because it occurs

near the sediment/basement interface, similar to the relationship found in

the Appalachian fold and thrustbelt (Frey, 1973; Harris and Milici, 1977).

Molasse deposition is integral in the structural development of the

Salt Range and Potwar Plateau. The Himalayan molasse, analogous to the

Alpine molasse, is time-transgressive towards the craton (Glennie and

Ziegler, 1 964; Van Houten, 1 973). Equivalent sediments are found in the

foredeep all along the Himalayan mountain chain from the northern

Sulaiman Range to Burma (Raynolds et a)., 1 980; P. M. Than, oral comm.,

1985; Fig. 9), as well as in the Zagros foreland (Dunnington, 1968). The

molasse was deposited in a laterally-elongate, southward-migrating

foredeep filled longitudinally by: (a) a major trunk river that was fed by (b)
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transversely-flowing, low-sinuosi ty, braided rivers (Burbank and Raynolds,

1984), that debouched from reentrants in the rising Himalayas (Elsenbacher

et al., 1 974). Contemporaries in this mode' are the Ganges and Kosi Rivers,

respectively, in India, and the Jhe]um and Indus Rivers, respectively, in

Pakistan. The major north-south, transverse rivers that feed the Ganges

and Indus Rivers are classical examples of antecedent drainage,

maintaining their course while cutting through ranges that are now higher

than their source (Miall, 1984).

The middle Tertiary, Rawalpindi Group (Murree and Kamlial Ems.)

fluvial and fluvio-deltaic deposits probably indicate the initiation of

significant Himalayan uplift (Johnson et al. 1979), although Gansser (1964)

proposes some contribution from a southern cratonic source, Large

thicknesses of this Group are found in the northern Potwar Plateau, and

also appear to be concentrated in the Jhelum Reentrant (Fig. D 1 d).

The Siwalik Group molasse has been studied more extensively than

the underlying Rawalpindi Group. The Siwalik molasse follows the Kamlial

Fm. conformably, and represents continuous deposition from middle/late

Miocene to Pleistocene. Keller (1977) and Abid et al. (1983) show that

while the Lower Siwaliks are indicative of the metamorphic and

crystalline provenance of the High Himalayas, the Upper Siwaliks were

derived from previously deposited Lower and Middle Siwaliks, uplifted and

eroded as deformation progressed southward. The southward progression of

deformation causes the southward, time-transgressive nature of the

molasse, particularly evident in the eastern Potwar Plateau (Fig. 20).

Laterally, the molasse also exhibits significant facies variability, as well

as westward younging (Raynolds et al., 1 980; Fig. 21).
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FIGURE 20. Fence diagram of temporal and spatial variation of molasse
fades in the Potwar Plateau. Columns represent magnetostratigraphic
sequences determined from measured sections. Figure shows that in the
eastern Potwar Plateau, the Upper Siwaliks are significantly time-
transgressive from north to south; yet in the central and western portions,
the sequence sampled is older, and formation boundaries are more
conformable with time lines. The base of the Dhok Pathan Fm. actually
appears to young northward along the western panel. Overall though, in the
western Potwar Plateau, the assumption of time line/formation boundary
consistency may be valid for interpretation of seismic reflection lines.
Sources include: Keller et al, (1977), Barndt et al. (1978), Opdyke et al.
(1 979), Johnson et al. (1 982a,b), Tauxe and Opdyke (1 982), Johnson et al.
(1 985a), and Raynolds and Johnson (1 985). After D. Baker (writt. comm.,
1987)
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FIGURE 21. Schematic stratigraphic cross section of Siwalik Group and
equivalents from eastern Potwar Plateau to the Trans-Indus Salt Range
area. Figure shows the large-scale, lateral tlme-transgresslve nature of
the molasse. Diagram does not imply exact positions of stratigraphic
columns, only general trends (i.e., Trans-Indus Salt Range includes data
from several sources around the Bannu Basin). Sources include: Gill
(1951b), Hemphill and Kidwal (1973), Keller et al. (1977), Barndt et al.
(1 978), Opdyke et al. (1 979, 1 982), Khan and Opdyke (1 981), Johnson et al.
(1 982a,b), Nb and Hussain (1 984), and Johnson et al. (1985).
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High linear rates of sedimentation and subsidence were maintained

for periods of several million years at a time, resulting in the transitional

and conformable boundaries between the different formations within the

Siwalik Group. Sedimentation rates are of the same magnitude as uplift

rates measured in the adjacent Himalayan source area during the last 15

my (Johnson et al., 1 982a; Fig, 22), and are also of the same magnitude as

the average rate of erosion for the western Himalayan region of 0.20-0.30

rn/I 000 yr (Fig. 23). The Siwalik Group was deposited in two regressive,

coarsening-upward megacycles, beginning with basal sandstone/clay

alterations grading into coarse sandstone and conglomerates of the Nagri

Fm. (Fig. 21). A similar, second cycle ends in conglomerates at the top of

the Upper Siwaliks (Parkesh et al., 1980). The Lower Siwaliks (roughly

equivalent to the Chingi Fm.) and Middle Siwaliks (roughly correlative to

the Nagri and Dhok Pathan Ems.) contain more distal river channel deposits,

whereas the Upper Siwaliks (roughly equivalent to Soan Fm. and younger

sediments) are coarser alluvial fan deposits, proximal to their source

(Graham et al., 1975).

The Rawalpindi/Siwalik foredeep has subsided to depths of about 5-

6 km, comparable with depths of other foreland basins on thick continental

crust (Beaumont et al., 1 982). Laterites are widespread on the Indus

p'atform at the base of the Tertiary (Shah, 1984). Submergence occurred

during the deposition of the Paleogene section, but outside of the Kohat

area the basin was probably fairly shallow, as late Eocene strata show

dissolution and karst surfaces (i.e, youngest regional unconformity surlace,

Fig. DlOc; Wells, 1984). Therefore, prior to the influx of molasse, the basin

(in particular, the western Potwar Plateau), was near, or at sea level.

Assuming a middle Miocene age of about 15 mybp for initiation of molasse



FIGURE 22. Ave'I-age-relative uplift rates for the High Himalayas and Lesser
Himalayas, through time. Note that panels B, C, and D indicate rapid uplift
of the High Himalayas during the last 10-20 my, which, in conjunction with
high erosion rates in the Tertiary, combined to produce the large amounts
of clastics deposited in the foredeep. There is more discrepancy in the data
for the Lesser Himalaya, although panel A suggests that since 1 5 mybp,
both the Lesser and HIgh Himalaya have been uplifting at a reduced, but
similar rate. Sources include: A) Zeitler (1980), Zeitler et al. (1982); B)
Sharma (1 984); C) Sutton (1 969), Sharma (1 984); D) Mehta (1 980); E) Mehta
(1980), Sharma (1984).

FIGURE 23. Past and present denudation rates in the Himalayas along with
comparisons from other areas. Past rates are generally averaged geologic
rates, while present rates represent geologically instantaneous data.
Averaged (past) data was not found in the literature f or the western
Himalaya. However, the relationship between uplift and denudation
suggests that Tertiary erosional rates were equal, or greater, than present
rates. Sources include: Menard (1 960), Judson and Ritter (1 964), Anhert
(1 970), Curray and Moore (1 97 1), Schroder (1 986).
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deposition, and an average molasse thickness of 5 km (Fig. D3), the average

rate of subsidence is about 0,3 rn/i 000 yr. Van Houten (1 969) gives an

identical rate for the central Himalayan foreland. Sedimentation rates for

the Khaur area during Nagri time (1 0-9 mybp) exceed 0.8 rn/i 000 yr (Barndt

et al., 1978, Fig. Dlii). Deposition and equivalent subsidence may have

begun slowly, accelerated during Nagri time, then waned towards the end of

deposition of the Dhok Pathan Fm. This overall rapid rate of deposition is

probably responsible for the high pore water pressures observed in

drillholes in the Potwar Plateau (5. R. M. Baqri, writ. comm., 1986).

Even though these rates of subsidence and sedimentation are fairly

high, and within the range found for other foreland and successor basins

(Van Houten, 1969), they are still less than those for Quaternary and

Recent examples in other tectonic settings. For example, the Holocene

Mississippi delta deposited sediment at a rate of 6- 12 m/ 1 000 yrs (Miall,

1978). This may help explain why seismic stratigraphic relationships are

not mappable on the seismic reflection data over the Potwar Plateau, as

sedimentation and fades progradation rates were not great enough to

develop large depositional features at a scale resolvable by the seismic

data.



3. DISCUSSION OF CROSS SECTION

Seismic reflection lines and interpretation

Six seismic reflection lines, locations shown in Fig. 4b, served as

the basis for the construction of cross section C-C' (Fig. 24). Irregular

topography, shallow structural complexities, and a massive section of Salt

Range Fm, interpreted to overlie the basement, result in poor seismic

response along most of line SR-56. Most of the line was not very useful in

constructing the cross section, and it is not included in Appendix B, which

illustrates reduced versions of the seismic lines, and gives acquisition

parameters. The northern portion of SR-56 is shown, though, in Chapter 4,

"Deformation style of the western Potwar Plateau and Salt Range.' On

seismic lines throughout the Potwar Plateau, the top of the shallow, high-

reflective zone corresponds to the carbonate-dominated Eocene sequence.

Some of the good reflectors below this sequence correspond to high-

impedence sandstones and carbonates of Permian and Cambrian age (Fig.

11).

The seismic lines display a distinctive seismic waveform in the

interval below the Cambrian to Eocene platform rocks. This chaotic to

discontinuous, undulating waveform, corresponding to the Salt Range Fm.,

can be mapped throughout the Potwar Plateau, and is the basis for the

construction of the seismic isopachs of the Salt Range Fm. found in

Appendix D. The seismic character is particularly chaotic in the Salt Range,

where the Salt Range Fm. is probably mostly massive halite, yet in the

northern Potwar Plateau, more coherent, continuous reflectors replace the

chaotic reflections. This change in seismic character may indicate
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increasing high-impedence gypsum and anhydrite interbeds, representing a

northward change in facies (Latif, 1973). A fades change, within the

evaporite deco)lement zone of the northern Potwar Plateau, has been

suggested as a possible reason for the deformation within the northern

Potwar Plateau, as compared to the undeformed Soan Syncline (Jaume,

1986). In the Potwar Plateau, other important seismic markers include a

strong reflector defining the evaporite/basement interface, and low-

amplitude, low-coherency reflections representing several kilometers of

molasse above the prominent Eocene reflectors (see actual sections in App.

B).

Choosing the line of section

Selecting the line of section across the western Potwar Plateau and

Salt Range was a compromise between determining an azimuth that makes

best use of well and seismic control, and paralleling the transport

direction of the Salt Range/Potwar Plateau thrust sheet (Fig. 2). Numerous

faults in the toe of the thrust sheet are indicative of the various degrees

of rotation that different portions of the Salt Range and Potwar Plateau

have undergone in the last 5 my (e.g., Opdyke et al., 1 982). Toward the west,

differential rotation appears to diminish, and the central and western

portions of the thrust sheet may have moved as a single, coherent slab.

Yeats et al. (1 984), using the sense of displacement along the Kalabagh

Fault, and smaller conjugate strike-slip faults, suggest a transport

direction for the Salt Range/Potwar Plateau alIochthon of S15°E. Cross

section C-C trends S24°E, but departures of less than 1
Q0 from the

transport direction will not produce significant errors in determining
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accurate bed lengths in balanced cross section construction (Cooper, 1983).

Price (1 981); even more compromising, suggests that no major errors jn

shortening estimates ( 15%) will result if the line of section is within
3Q* of the tectonic transport direction. At the same time, C-C ties two

significant wells, and stays west of the Dhulian Anticline, avoiding the

complication of apparent shortening that might arise if the flank of the

structure was crossed obliquely.

Depth Section

n the western Potwar Plateau and Salt Range, the data base,

although not heavily endowed, is broad-based, complementary, and allows

ample cross checking between the seismic, drillhole, surface, and gravity

data. The cross section there (C-C, Fig. 24) was constructed by depth

conversion of the seismic lines using techniques described in Appendix A.

Details of the Salt Range portion are shown in Figure 25, which is a

modification of a cross section by Gee (1980) that closely parallels C-C'

(see Fig. 4b). The complex faulting of the NPDZ is enlarged and detailed in

Figure 26. Beyond the northern limit of the seismic data, the cross section

was extended to the MBT, although subsurface control is absent. North of

the MBT, the interpretation was extended to the southern Peshawar Basin

using results from Yeats and Hussain (in press). The majority of the length

of cross section C-C' is shown in Figure 24, though interpretation and

restorations were made along the entire transect length shown in Fig. 4b.

This provided a pin point in zones of no interbed slip at both ends of the

balanced cross section (e.g., see Dahistrom, 1969). South of the Salt Range,
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FIGURE 25. Balanced structural cross section from the Salt Range
paralleling southern portion of cross section C-C'. Location is given in
Figures 4b and 18. This figure modifies cross section C-Don map 3 of Gee
(1980). This figure details the blank zone labeled "autochthon" in Figure 24
The presence of platform rocks is suggested by wells penetrating Cambrian
Jhelum Group in front of the Salt Range (i.e., Lilla and Warnali wells, Fig.
7b and Fig. Bi 1). However, an eastward-thickening upper Paleozoic and
Mesozoic section (Fig. Blh), and Permian strata in the Kundian well (Fig.
7a), suggest that this age section may also be present in the autochthon.
Therefore, in this figure, the pattern used for the autochthonous platform
units encompasses the entire Paleozoic interval. The figure also suggests
molasse stratigraphy, as well as the geometry of the basement, based on
conversion of seismic lines to depth, and on gravity modeling. Note the
fairly rapid shallowing of the basement southward, as well as the
relatively thin stratigraphic sequence in the autochthon. In particular, the
Salt Range Fm. is interpreted to be virtually absent in the autochthon as
compared to the thickness above the SRT plane. Also note that, except for
the extreme toe of the thrust plate, deformation of the hanging wall
consists of only minor folding and faulting. Extent of the portion of SR-56
shown in Figure 29 is indicated, although imbrication implied from the
geometry of the reflectors on SR-56 is not illustrated on C-D. However, the
location of that portion of SR-56 corresponds somewhat with the abrupt
thickening of the Salt Range Fm. above the decollement, and with the
initiation of the horizontal geometry of the platform rocks in the hanging
wall, reflected in the wide outcrop belt of platform rocks (Fig. 18).
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proprietary seismic lines were employed to extend the cross section to the

Sargodha Ridge.

As seismic reflection and drillhole data is sparse in the western

Salt Range and Jhelum Plain, two-dimensional gravity modeling was useful

in delineating the depth and dip of basement under the south end of the

cross section (Fig. 27). North of the Salt Range, a good fit to the observed

gravity profile was calculated using the depths and thicknesses provided by

the depth conversion of the seismic lines; thus only small adjustments to

the depth model were required. North of the Kharpa Fault, gross

simplification of the gravity model, as compared to true structural

complexities, makes it difficult to calculate a precise fit to the observed

curve. However, at approximately the 1 50 km mark and northward (i.e.,

NPDZ), an upward bulge in the basement helps improve the fit to the

observed curve. Though this is not definitive, it does suggest that faulting

in the northern Potwar Plateau may have initially ramped over a basement

uplift or basement fault/faults. Details of the velocity an&ysis, depth

conversion, and gravity modeling are given in Appendix A.

Balancing and Restoration

A balanced, or retrodeformable cross section is a method to

accurately verify a two-dimensional interpretation of thrusted and folded

strata (in this case, the depth section) by linear restoration (Bally et al.,

1 966; Dahlstrom, 1 969). Graphical restoration of a balanced cross section

establishes pre-thrust, pre-fold lengths of affected beds; thus it is

possible to evaluate the degree of internal shortening, deformation
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FIGURE 27. Modeled gravity profile along C-C, from south of the Sargodria
Ridge to the northern Potwar Plateau. Enlarged section shows details of
Salt Range ramp zone. The general gradient of the observed gravity curve is
due to a combination of a northward-dipping Moho, and northward
thickening of relatively low density molasse (e.g., see Duroy, 1986). There
is a flattening, then fairly abrupt step in the observed anomaly
approximately between km marks 80-60. This is probably due to a rapidly
shallow ing basement surface (i.e, flank of Sargodha Ridge), as well as due
to platform rocks and molasse of the autochthon replacing low density salt.
Although topography and structure above sea level are shown, only the
mass below sea level was used in generating the calculated anomaly.
Density contrasts are relative to basement assumed to have zero density
contrast. Density contrasts and legend for patterns are given in Figure A5.
Calculated curve is shifted down 10 mgals to avoid overlap of the two
curves. Angularity of model is due to conversion of depth section to
computer polygon shapes, and 5x vertical exaggeration.



I

Basement
Salt Peng p 0
Detec hrne nt

V E = 5X

Floho

Ob,erved

Calculeted- tO mq&

s& t
ry Range

Salt Rene
Detachment

C

S

Sargodhe
Ridge

Basementp0

V. E = 5X

I I I I I I I I I I I I I

85 80 75 70 65 60 55 50 45 40 35 30 25 20

, i::I1 wt !!
.

-2

4Q

45

200 180 160 140 120 tOO 80 60 40 20 0

C.

N

NPDZ
(ext 6-

Kilometers

FIGURE 27

-20 -40 -60
-10

-50 ,

-130

-170

see level

2

4

6

6

10



64

intensity, and the amount of strata lost to erosion (Hossack, 1979; Dixon,

1982).

The scale of the cross section affects the type of geologic

structures that can be reasonably interpreted for the cross section

(Woodward eta]., 1985). Although shortening in the Potwar Plateau and

Salt Range is accomplished through both folds and reverse faults, poor

resolution of folding from the data, and the lateral scale of the section

makes determination of shortening on faults the primary objective of the

restoration. Most of the shortening is accomodated by the faults of the

NPDZ, and along the SRT; unfortunately, the structural complexity in these

areas leads to poor quality reflection data.

Cross section C-C' was palinspastically restored using a variation of

the key-bed, line-length method (Dahlstrom, 1969), demonstrated by Dixon

(1 982). High erosion rates in the western Himalaya (Fig. 23) may have

removed a substantial portion of the toe of the low-angle SRT sheet, thus

the amount of shortening is a minimum estimate only. Stratigraphic

relations between the SRT thrust sheet, and its autochthon, suggest that up

to 10 horizontal kilometers of strata may have been eroded from the

leading edge of the SRT (Fig. Cib). Also, actual shortening along blind

thrusts and detachments is often uninterpreted, leading to minimum

shortening estimates. n the northern Potwar Plateau, additional shortening

may have occurred along numerous blind, high-angle reverse faults, in the

zone between the Khauri Murat Fault and the MBT (Fig. 1 3). These cannot be

interpreted with the available data (Gill, 1951a; Elahi and Martin, 1961).



4. DEFORMATION STYLE OF
WESTERN POT WAR PLATEAU AND SALT RANGE

Salt Range

The amount of tectonic rotation of portions of the Salt Range and

southern Potwar Plateau diminishes significantly westward from the

eastern Potwar Plateau (Fig. 28). The western region may have moved as a

single coherent block, consistent with the absence of large, obliquely-

striking faults in the west, that are found in the central and eastern areas

(Fig. 13),

As the leading edge of the detachment propagated beneath the Soan

5yncline, very little deformation of overlying strata took place. Yet the

leading edge, now exposed as the Salt Range, is both normal and reverse

faulted, and has folds with wavelengths of 2-3 km (Figs. 18 and 25). These

faults have only minor stratigraphic separation, and probably sole out in

the underlying Salt Range Fm. Along some of the reverse faults, sufficient

slip has occurred f or evaporites to migrate along the fault plane to the

surface, although this is not actual diapiric movement.

Some folding and faulting at the westernmost edge of the Salt Range

may be due to transpressive movement along the Kalabagh Fault, causing

right-lateral shear, and accompanying en echelon folding and faulting. In

the main salient portion of the western Salt Range, randomly-oriented

faults may be due to bending stresses that occurred as the SRT cut to the

surface along the northeast flank of the Sargodha Ridge (e.g., Wiltschko,

1979; see Fig. 13b). The outcropping sheet would have been initially

subjected to complex faulting, but this succeptibility would decrease as

the length of the toe increases. The model developed by Wiltschko (1981)

65
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FIOURE 28. Amount and sense of tectonic rotation in Potwar Plateau and
Salt Range inferred from magnetostratigraphic data. Numbers are angles of
rotation in degrees. Most rotations were determined from molasse
sediments, although some in the Salt Range were derived from platform
rocks. Figure shows only cumulative rotation at each location, which are
not always comparable, as different age sections are measured, and may
encompass varying portions of regional rotation over the areal decollement.
However, it does suggest that the amount of rotation can vary significantly
over small distances, due to differential rotations within thin fault blocks
within the Potwar Plateau, For example, the cluster of large rotations
south of Rawalpindi town are likely due to movement on the Raiwat Fault,
while the cluster of rotations in the southeastern Potwar Plateau may be
due to movement on the fault complex defined by the Frontal Thrust and the
Karangal backthrust. The 30° and 350 rotations in the central Potwar
Plateau are localized by the extent of the basement normal fault. Sources
include: Wensink (1 975), Klootwijk (1 979b), Raynolds (1980), Burbank and
Raynolds (1984), Johnson et al. (1985a), Johnson et al. (1986).



00
N
N

3400

3345

3330

33 15

3300

3245

3230

32 1 5

3200

U,

NN

0
N)
N
N

It,

NN

00
N)N

FIGURE 28

0
N)
N)
N

It)

N)N

00
N

67

10

(;';;du's

Cmbe

R.

ipor

Is1embd

R6w&pindi

a
25

10 5
15

25

30
1 3 k iRIf5 6

9

I
15

IIi

3 30
30 32 0

,Jhe1umR.

C'ockwise
rothtion

II
1)

Srgodh



68

implies that the leading edge of the thrust will be most complexly

deformed (primarily by reverse faults), leading to progressively less

deformed zones (dominated by normal faults) away from the toe. The

folding may be caused by adhesional drag as the platform units are

translated over a decollement that becomes more viscous as it shallows

(e.g., Berger and Johnson, 1982). Finafly, some of the faulting could be

caused by gravitational collapse of the platform rocks over a fairly

unstable evaporite substrate (Gardezi and Asraf, 1 983).

Gravity models, and extrapolation of thickness from the central

Salt Range (e.g., thick salt in the Dhariala well, Figs. 7b and 17; Gee, 1983;

Khan et al., 1 986; Duroy, 1986), suggest that the western Salt Range is also

underlain by an interval of Salt Range Fm., structurally thickened during

thrusting (Fig. Dik). Possible imbrication of more competent members

within this formation is thf erred from the northern portion of seismic line

SR56, where reflectors diverge from the overlying platform marker, and

appear to converge on the basement reflector (Fig. 29). Alternatively, the

divergent reflectors may represent imbrication of the platform strata and

Salt Range Fm. of the autochthon, accompanying a smooth thrust trajectory

along a gradual path to the surface, as opposed to a distinct ramp (Cooper

and Trayner, 1 986). In the case of a thrust moving over a preexisting ramp,

the beds of the footwall should be undeformed, and hanging wall

deformation should be dominated by backthrusts (Serra, 1 977; Morse,

1 97). Regardless of whether the imbrication occurs in the Salt Range Fm.,

or within the autochthon, the structural thickening adds northward taper to

the basement dip without faulting the basement, allowing the SRT to

emerge at the surface. This structural thickening occurs on the extreme

northern flank of the Salt Range, and combined with southward flattening
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FIGURE 29. Northernmost portion of OGDC seismic line SR-56.
Location of this portion of the line shown in Fig 4b. This line shows the
platform section dipping northward as the SRT cuts upward to the surface.
Note the divergence between the reflectors within the platform section,
and the more steeply-dipping reflectors beneath the platform section.
These dipping reflectors may represent imbricated strata, either within
the Salt Range Fm, above the detachment surface, or within the molasse
and platform rocks of the autochthon, or both. No drillholes have penetrated
beneath the thrust plane, therefore the exact depth of the interface
between the Salt Range Fm. (above the detachment), and the autochthon is
unknown. Also, the position of the detachment within the thickened Salt
Range Fm. is not known, though it is interpreted to occur near the Salt
Range Fm/autochthon interface. This imbrication may structurally thicken
the section underlying the platform rocks of the hangingwall, thus
assisting in the shallow ing of the SRT, allowing it to be exposed at the
surface. In either case, note that the basement reflector continues across
the profile, and is apparently unaffected by any faulting.

LINE PARAMETERS
Migrated: no
Prospect: Salt Range
Processor: Petty Ray Karachi
Date shot: 1 982
Source: dynamite
Sample Rate: 4 msec
Stack: 2400%
Elevation correction

Statics datum: 800 m
Correction velocity: 2348 m/sec

Total Length: 27.2 km (length shown here 5.0 km)

uninterpreted
interpreted
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of the basement dip (Fig. 24)) produces the extremely wide outcrop belt of

platform rocks in the western Salt Range (Figs. 5b,15,l8).

Southern Potwar Plateau

North of the Salt Range, the SRT merges with the basal decollement,

and can be traced at relatively shallow depths (less than 8-9 km, Fig. D9)

with seismic data beneath the Potwar Plateau, to the foothills of the Kala

Chitta Range (Figs. 3 and 24). Due to the intervening evaporite decollement

zone, the Paleozoic strata and Tertiary molasse have been transported

disharmonically over the unyielding basement. The southern Potwar Plateau

comprises the southern limb and axis of the Soan Syncline.

Folding in the Salt Range is concentric-parallel due to flow of

evaporites from the intermediate synclines into the cores of the anticlines

(e.g., Wiltschko and Chapple, 1984; Davis and Engelder, 1985). On a much

larger scale, flowage of the Salt Range Fm., from beneath the axis of the

Soan Syncline, may account for the thickened wedge under the Salt Range

(Gee, 1 983), and the thickened core of Salt Range Fm. in the Khaur structure

(Fig. 13b), as the mobile layer flowed from a region of higher stress to one

of lower stress (Jenyon, 1985).

Conformable formation contacts, and the layer-cake" appearance of

reflectors on seismic lines over the western and central Soan Syncline

indicate that the molasse was deposited during an uninterrupted sequence

since 20-15 mybp. Isopachs of the different molasse formations indicate

that the depocenter has migrated southeasterly only slightly from

Rawalpindi to Dhok Pathan time, and that deposition has been continuously

localized in the western Potwar Plateau (App. D).



73

The accumulation of overburden is the main cause of differential-

loading halokinesis. Salt movement will begin due to differential loading,

well before the bouyancy effect, due to density difference, is effective as

a dnving mechanism (Jackson and Talbot, 1 986), and before the overburden

exceeds several hundred meters (Elston and Landes, 1 960; Gera, 1 972). The

continued subsidence of the Soan Syncline under a thickening blanket of

molasse would also increase the thermal gradient, enhancing the ductility

of the evaporites, thus stimulating flowage (e.g., Borchert and Muir, 1964;

Gussow, 1 968). Southward flow of evaporites may have been induced by

drag stress at the base of the overlying platform rocks, as the detachment

propagated out of the Soan Syncline (Gee, 1983; e.g., Dunnington, 1968)

Northern Potwar Deformed Zone (NPDZ)

There is no well-developed northern flank of the Soan Syncline,

reflecting a northward thickening of Murrees which dominate the

sedimentary wedge of the northern Potwar Plateau at the expense of the

overlying Siwaliks (Figs. 24 and 26). Northward, low-angle imbricate

faults are folded into broad anticlinal structures, thus forming blind, non-

surf acing thrusts (Thompson, 1 981; e.g., see Perry et al., 1 982). This

structural duplication accounts for an increase in volume of the

sedimentary section as the basement deepens northward, without requiring

excessive depositional thickening of the overlying molasse, or the

development of a roof thrust of a duplex (e.g., Woodward et al., 1 985).

Reverse faults, even farther north in the imbricate stack, are more high

angle than the underlying thrusts, and core asymmetrically-folded Murree

and older rocks (the fault zone of Pinfold, 1918). The high-angle faults
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appear to ramp onto the back of the previously formed low-angle thrusts,

thus forming a trailing imbricate fan (e.g., Boyer and Elliott, 1982). The

emergent faults are moderate to steeply dipping, up to 70 (Anderson,

1928; Martin, 1962). Missing section in driliholes indicates that they

maintain steep dip at depth (Gill, 1951a), and they approach vertical dip

near the surface (Elahi and Martin, 1961). All the high-angle imbricate

faults demonstrate similar fault plane geometry, and although the quality

of available seismic data in the NPDZ is poor, the major faults can be

traced to the east (Fig. 30). The fault plane maps also suggest that the

fault planes steepen to the east, where shortening is transferred to the

northernmost Khauri Murat Fault (Fig. 1 3b), and possibly other, north-

verging blind thrusts.

The imbricate fault geometry suggests a south-to-north "overstep'

(Elliott and Johnson, 1980) or "overlap' (Butler, 1982) development from

youngest to oldest. A northward-younging sequence is reverse of the

"piggy-back' fault sequence implied for most foreland belts (Armstrong and

Oriel, 1965; Elliott and Johnson, 1980), and also contradicts the general

deformation pattern in the Pakistan foreland of southward-progressing

deformation. Although overstep sequences are rarely recognized, they have

been documented within thrust blocks of larger fold and thrust belts

(Bombolakis, 1 986). Coward and Butler (1 985) present an example in the

southern Assynt portion of the Moine thrust system in Scotland, and

Dahlstrom (1 970) discusses overstepping in the Lewis thrust block of the

Canadian Rockies. On a more regional scale, Milici (1975) interprets a

similar hinterland-younging, "back-break" pattern within fault blocks of

the southern Appalachians, though he relies on a gravity sliding mechanism

rather than compression from the rear. Oversteps tend to form a more
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FIGURE 30. Maps of major fault planes in the northern Potwar Plateau
(NPDZ). Maps are contoured in two-way traveltime as interpreted from
migrated and unmigrated seismic lines. These maps indicate the trend and
general dip of the fault planes. Without additional velocity control in the
northern Potwar Plateau, it would be difficult to convert these maps to
accurate depth maps. Vibroseis positions connected by dashes are seismic
lines used in constructing C-C'. The position of C-C is shown by the heavy
line trending northwest-southeast. The surface traces of the faults are
shown in Figure 1 3b. The fault planes appear to steepen near the surface,
and flatten slightly before merging with the basal decollement above the
basement interface at approximately -4.0 sec. The mid section of the
Kharpa fault plane flattens, representing the short flat where the fault is a
bedding plane fault within the Rawalpindi molasse, before it cuts upsection
to the south (Fig. C2c). The fault planes for the folded faults are not shown,
as they can be traced for only about 1 0- 1 5 km east of C-C. This is
expected if shortening accomodated by these blind faults is transferred to
north-verging horses within a duplex, interpreted for the north-central
Potwar Plateau (Baker, in prep.).

(a) Khauri Murat Fault
(b)Mianwala Fault
(C) Kanet Fault
(d) Kharpa Fault
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chaotic imbricate geometry than piggy-back sequences (Boyer and Elliott,

1982), because thrust surfaces are unlikely to anastomose at a roof thrust

(Butler, 1982). The fact that the Kharpa Fault, and the more northerly

faults, are not folded supports the overstep hypothesis. In a piggy-back

sequence, a younger, lower thrust would fold older, overlying thrusts as it

ramps and is uplifted (Jones, 1971; Elliott andJohnson, 1980). Instead, in

the NPDZ, the blind thrusts appear to be deformed by the younger fault

blocks, as the high-angle faults load and fold the structurally-lower blind

thrusts (Fig. 26).

One of the primary reasons for interpreting a backbreak or overstep

sequence is the geometric complications that would result if the low-angle

folded faults occurred last in the sequence. These faults do not appear to

involve Siwalik strata, implying that they formed during, or immediately

after, the deposition of the Rawalpindi Group (Fig. C2a,b). In contrast, the

Kharpa Fault cuts Middle Siwalik strata, indicating its contemporaneous or

post-Nagri age (Fig. C2c).

An alternative interpretation for the geometry of the NPDZ is that

the only faults present are the high-angle faults, and that the low-angle

structures are broad folds formed by decollement buckling above a very

weak decollement (e.g., Woodward et al., 1985). This is only occassionally

found in fold and thrust belts, being much less common than fault-bend

folding or fault-propagation folding. If these structures are folds, it would

require a much thickened Salt Range Fm. to fill the axial core, implying a

highly mobile and ductile decollement, The seismic expression of the

reflectors, and implications of facies changes northward (Latif, 1973;

Jaume, 1986), suggest an overall thinner, salt-poor, and thus, less ductile,

Salt Range Fm. This is consistent with the interpreted geometry of seismic
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reflectors that involves duplication of the platform section along two low-

angle faults.

The high-angle faults may share the common ramp of a previously-

formed overthrust sheet, in this case, one or both of the folded faults (e.g.,

see Dahlstrom, 1 970, f or the Canadian Rockies; and Dixon, 1 982, for the

Wyoming overthrust belt). Another possibility is that a basement uplift

acted as a pertubation that caused ramping, initiating the back-break

sequence (Gill, 1951a; Knipe, 1985). Gravity modeling along C-C, suggests

the possibility of a basement uplift beneath the imbricate fault zone (Fig.

27). The geometry of this basement feature is not indicated on C-C (Fig.

24) because the depth of the anomaly sources, as well as the complexity of

tre overlying section, prevent detailed resolution. However, considerable

upward shallow ing, or faulting, of the basement appears necessary to

better fit the calculated gravity anomaly to the observed Bouguer anomaly.

If the ramping mechanism was a distinct basement fault, the offset in the

basement would have moved about 30 km north, relative to its initial

position, as the SRT overthrust to the south, and the offset now lies hidden

beneath the high-angle faults. The corresponding offset in the overlying

platform rocks would have moved independently of the basement, separated

by the decollement, and would be underthrust by the amount of

displacement on the first folded fault. Interestingly, evidence of another

basement fault in the NPDZ may be seen on seismic line DI-1 1, where a

complex zone on the seismic line may correspond to an offset in the

basement (northern portion of line DI-1 1, Fig. B5),

North of Khauri Murat Fault, the cross section passes through a zone

of deformed Murrees and older rocks, capped by an unknown thickness oc

alluvium, prior to crossing two additional faults. These faults represent an
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equivalent zone of displacement of the MBT to the east, although, as

mentioned earlier, the actual name is assigned to the northern fault, and

the southern fault is called the Chorlaki Fault (Fig. 13b).

KalabaQr Fault and Reentrant

The subsurface geometry of the 50 km long Kalabagh Fault can only

be interpreted using gravity models, as no seismic reflection lines cross

the fault. Gravity modeling (D-D'; Fig. 31) along strike to cross sections A-

A' and C-C' (Fig. 4), suggests that the basement may be down-dropped to the

west across the fault by as much as 2 km from the Salt Range into the

Kalabagh Reentrant. This interpretation is consistent with earthquake

studies of Seeber et al. (1 98 1) that suggest that the basement may be

faulted southward along the Kalabagh Fault to the Saragodha Ridge.

Swaminath et al. (1964) interpret the Kalabagh Fault as one of several

second-order conjugate shears (related to the Precambrian Aravalli Range;

Fig. 16), that are responsible for the reentrant-salient festoon character of

the Pakistani frontal ranges (Fig. 9). These basement lineaments may have

formed during Precambrian orogeny, and were later reactived during

Cenozoic deformation. Vertical slip on the Kalabagh Fault plane may have

occurred over a long period of time to permit a thick section of molasse to

accumulate, In much the same way as the Jhelum Reentrant, the Kalabagh

Reentrant may have acted as a locus of molasse sedimentation (Visser and

Johnson, 1 978).

Gravity model D-D' was supplemented by two other transects across

the fault to the north (Fig. 32, location in FIgs. 4 and 5a). The vertical

component of this transpressive fault is modeled as both a high-angle
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FIGURE 31. Modeled gravity profile D-D from Karangal Thrust in the eastern
Potwar Plateau to the Kalabagh Reentrant, along strike of the Salt Range.
Enlarged panel at bottom of figure details the autochthon beneath the SRT.
See Figures 4, 5a, and 1 8 for location of section, The poor match between
the two curves at the northeast end of the profile is due to oversimplified
assumptions of structure in hangingwall of Karangal Thrust. This thrust
brings a thick section of platform rocks to the surface (Fig. 45), which
coincides with a "high in the gravity anomaly (Fig. 8), though the model
does not attempt to represent this. The model shows the basement as it
shallows from the central Salt Range toward the southwest, reflecting the
shallow basement under the south end of C-C'. The thickness of the Salt
Range Fm. correspondingly thins. Note the high angle of the Kalabagh Fault
with about 2 km of basement offset. Although the strata on either side of
the fault are stratigraphically equivalent, relative southward motion of the
Salt Range and Potwar Plateau, above the basal decollement, has aligned a
thicker platform section (mostly more Paleogene strata) with strata in the
Kalabagh Reentrant. The sedimentary section in the Reentrant is
autochthonous relative to the Potwar Plateau/Salt Range, or
parautochthonous if decoupled slightly from the basement (McDougall,
1 985). Although topography and structure above sea level are shown, only
the mass below sea level was used in generating the calculated anomaly.
Density contrasts are relative to basement, assumed to have zero density
contrast. Density contrasts and legend for patterns are given in Figure A5.
Calculated curve is shifted down 10 mgals to avoid overlap of the two
curves. Angularity of model is due to conversion of depth section to
computer polygon shapes, and 5x vertical exaggeration.
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FIGURE 32. Modeled gravity profiles across Kalabagh Fault. (a) 6-6',
(b) H-H. See Figures 4 and 5a for location of sections. Both models suggest
a high-angle Kalabagh Fault with the basement offset similar to that seen
in D-D (Fig. 31). The decollement lies within the thick Salt Range Fm,, or
directly over the basement surface. The entire sedimentary interval east of
the Kalabagh Fault, in each diagram, has moved southward (toward viewer)
relative to the strata west of the fault, in the Kalabagh Reentrant. The
autochthonous units of the Jhelum Plain are not interpreted to extend
beneath the Potwar Plateau as far north as these profiles (Figs. 27 and D4).
Although topography and structure above sea level are shown, only the
mass below sea level was used in generating the calculated anomaly.
However, some of the amplitude of the observed anomaly may be due to the
Bouguer Correction Factor insufficiently compensating for the dense
platform rocks of the Salt Range, relative to the surrounding lower density
molasse. This might reduce the magnitude of the basement offset. Section
6-6' crosses the Salt Range where the outcrop belt of the platform rocks is
narrow, while section H-H' crosses where the outcrop belt is significantly
wider (Fig. 5a); yet both models infer the same abrupt lateral ramp of the
frontal SRT. Reverse faults linking strike-slip segments of the fault (Fig.
1 5) may be high-angle splays of a complex wrench fault system, bordering
the west edge of the Salt Range and Potwar Plateau (McDougall, 1985).
Density contrasts are relative to basement, assumed to have zero density
contrast. Density contrasts and legend for patterns are given in Figure A5.
Calculated curve is shifted down 10 mgals to avoid overlap of the two
curves. Angularity of model is due to conversion of depth section to
computer polygon shapes, and 5x vertical exaggeration.
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reverse, and a high-angle normal fault. Limited control on the thickness of

stratigraphic intervals on the west side of the fault makes the actual

geometry of the fault plane speculative, although the amount of vertical

separation in the basement is similar in all three models. Reliable fault

plane solutions for shallow seismicity along the fault are not available,

but a correlation of deep seismicity with the shallow faulting suggests

that most of the shallow seismicity is associated with right-lateral

faulting that affects the entire crust to about 35 km (Seeber and

Armbruster, 1 979).

Because of the high angle of the Kalabagh Fault, it is difficult to

relate this fault plane to a lateral ramp of the SRT, which would displace

decoupled platform rocks and molasse of the Potwar Plateau over

autochthonous, but stratigraphical ly-equivalent units of the Ka] abagh

Reentrant. Reverse-fault segments of the western border of the Salt Range

may be splays of f the high-angle Kalabagh Fault (Fig. I 5), creating complex

fold and fault geometry along the Kalabagh Fault zone (McDougall, 1985).



5. COMPARISON OF STRUCTURAL STYLES

To allow comparison of structural style in other areas of the

Himalayan foreland with that observed on section C-C (Fig. 24), four

cross-sections from Pakistan (Figs: 33-36, locations given in Fig. 4), and

one example from India (Fig. 37, location given in Fig. 19), are discussed.

Kohat Plateau/Kalabagh Reentrant/Saragodha Ridge

In the Kohat Plateau, cross section J-J (Fig. 33) shows a

dramatically thinned molasse section overlying a thicker platform section,

imbricately faulted and folded. In the northern Kohat Plateau, high-angle,

south-verging reverse faults are consistent with the geometry interpreted

for the NPDZ in the western Potwar Plateau, as contrasted with the duplex

or triangle zone interpreted for the central portion of the NPDZ (Baker, in

prep.). The Eocene evaporites are 200-300 meters thick, but limited in

extent to the southern Kohat Plateau (i.e., km marks 103-115 in Fig. 33;

Wells, 1984), where they are exposed in anticlinal cores (Khan et al.,

1986). Southern structures are dominated by fan-folded anticlines, while

northern structures are predominately faulted, possibly reflecting the

absence of Eocene evaporites (Wells, 1 984). Eastward, thin evaporites

extend to the KalaChitta Range, and gypsiferous seams are penetrated in

wells drilled on the Dhulian structure (Fig. 13b; Lees, 1950). Southward,

across the remanents of the southern Potwar Plateau, the Surghar Range

represents the range front structure analogous to the Salt Range. Similarly,

as suggested byJ. McDougall (oral comm., 1986), and shown in Fig. 33, the

platform rocks of the Shinghar Anticline (i.e Surghar Range) are thrust over

equivalent strata, and molasse of the Kalabagh Reentrant.

86
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FIGURE 33. Unbalanced structural cross section J-J, Kohat Plateau!
Kalabagh Reentrant/Sargodha Ridge. Location given in Fig. 4a. Portion of
profile between km marks 200 and 75 is based on cross section A-A of
Meissner et al. (1 974), Changes in azimuth of profile are shown in lower
part of profile. Bouguer gravity data is not available north of km mark 50.
The narrow syncline filled with molasse between km marks 100 and 80 is
equivalent to the 5oan Syncline, if the Kohat Plateau corresponds to the
NPDZ. This remanent undeformed basin bridges the gap between the Soan
Syncline proper and the broad Bannu Basin. Note disharmony between folded
Tertiary strata and underlying Mesozoic/Paleozoic section (e.g., km marks
1 05- 11 5), due to the intervening evaporite decollement zone within a
thickened Eocene section. The existence of a frontal thrust (z km mark 72)
is suggested by significant vertical offset between platform rocks in the
Kalabagh Reentrant, and those exposed in the Shinghar Anticline (Fig. 3).
The Kundian well does not penetrate evaporites, but their'existence is
suggested by the depth of' basement interpreted from the seismic
reflection data, and known stratigraphic thickness of the molasse and
platform sequences. The presence of evaporites would be consistent with a
weakly emergent overthrust in the Surghar Range (J. McDougall, oral comm,
1986; Baker et al., in review), linked to the SRT by the right-lateral
Kalabagh Fault system.
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Attock Cherat Range/Westernmost Salt Range

Farther east, along I-V (Fig. 34), the molasse section thickens and

the undeformed Soan depression begins to develop. Control on the depth of

the basement is weak, but the general gradient of the Bouguer anomaly

suggests that the basement dip might be similar to the dip along C-C' (Fig.

24), allowing a thick Salt Range Fm. interval to be present. Near the

southern end of I-I, the anomaly does not have the sharp inflection seen on

the C-C gravity profile. This is because I-f' lies west of the structurally

high portion of the basement, consistent with displacement along the Salt

Range transferring from a frontal thrust, controlled by basement flexure,

to displacement along the Kalabagh strike-slip Fault.

Central Potwar Plateau/Salt Range

In Figure 35, a normal fault ramp is interpreted along A-A', with

another possible fault approximately 20 km farther north. Above the second

fault, the Soan depression is divided into a distinct "Soan Syncline" with an

axis lying well north of the fault, and a smaller 'Chauk Naurarig-Bhaun

Syncline" south of the fault, This complexity represents the most westerly

influence of the en echelon fold system of the eastern Potwar Plateau (see

Fig. 13b). The north limb of the Scan Syncline is much steeper than it

appears along C-C', possibly reflecting a difference in fault geometry in

the NPDZ. Only the Khauri Murat Fault is mapped at the surface, but

additional shortening may have occurred on blind, north-verging thrusts

that complete an antiformal stack or forward-dipping duplex (Baker, in
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FIGURE 34. Unbalanced structural cross section I-I, Attock Cherat Range!
Western-most Salt Range. See Figure 4a for location. Portion of profile
from km marks 220 to 11 0 is based on cross section B-B' of Meissner et al.
(1 974), and Salt Range portion is based on cross section C-D (map 2) of
Gee (1980). Bouguer gravity data is not available north of km mark 160.
Blank zone labeled "autochthon' probably has similar stratigraphy to that
suggested for C-C (Fig. 24), although the amount of displacement on the
frontal thrust is probably tess. North of the Dhadhumbar well, the
stratigraphy and structure of the section directly overlying the basement
is unknown.
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prep; Lillie et al., in press). Accentuation of the antiform may be caused by

a thickening of the Salt Range Fm. within the core of the stack, as

suggested by some of the seismic lines over the Khaur Anticline (see also

Fig. Dik).

Towards the northeast, seismic lines show that the north limb of the

Soan Syncline becomes progressively steeper, where molasse beds as young

as 2. 1 mybp approach vertical near Rawalpindi town, The upturned and

eroded molasse beds are overlain by flat-lying Lel conglomerate dated by

magnetostratigraphic techniques as 1 .9 my old (Fig. 21; Johnson et al.,

1 985a, Raynolds and Johnson, 1 985). Burbank et al. (1 986) suggest that

movement on the MBT initiated significant folding and uplift in the

northern Potwar Plateau during which 3000 m of structural relief was

developed, at an average uplift rate of 15 m/l000 yr f or a period of 0.2 my

(Johnson et al., 1 985a, Raynolds and Johnson, 1 985). This inferred rate of

uplift significantly exceeds documented rates f or other areas of the

Pakistan foreland (Fig. Dli), as well as average uplift rates determined for

the Himalayan region (Fig. 22). Though structural relationships, shown by

surface mapping and seismic data, provide evidence for folding, the amount

of uplift proposed does not appear to be consistent with preservation of

the stratigraphic interval of molasse documented by isopaChs (Fig. Dla-d,

D3), or consistent with the Eocene subsurface structure map (Fig. D7). A

deformational event may have accentuated the dip on the north limb of the

Soan Syncline, but the isopachs and structure map suggest that significant

negative structural relief had developed in the depocenter, defined by the

Soan depression, since Chinji time ( 13 mybp), long before any movement

on the Salt Range detachment south of the NPDZ. In other words, the rate of

uplift implied by Raynolds and Johnson (1985) appears to be too great, and
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the development of 3000 m of structural relief in the northeastern Potwar

Plateau may not have occurred as rapidly, nor as recently, as implied.

Folding and faulting in the northern Potwar Plateau may have begun much

earlier, and occurred intermittently over a protracted time interval, with

the only the most recent deform

Eastern Potwar Plateau

South of the Soan Syncline, shortening across the single Joya Mair-

Balkasar Anticline (Fig. 35) is transferred to the Tanwin-Bains and Adhi

structures (Fig. 1 3b) which, in turn, develop into the numerous en echelon

folds of the eastern Potwar Plateau (Fig. 36). En echelon folding may be due

to more movement of the central Salt Range along the decollement relative

to displacement in the east, similar to the en echelon structures in the

Sulaiman Range (Powell, 1979). The dual vergence of the faults coring

these folds has been attributed to a thinning of the evaporite sequence

towards the eastern Potwar Plateau, causing more slip-stick faulting in

response to variations in shear resistance (Bombolakis, 1 986; Johnson et

al., 1 986). However, interpretation of the seismic data used to construct

cross section B-B', and areal isopaching of the Salt Range Fm. (Fig. D2),

show the evaporite sequence to be no thinner in the eastern Potwar Plateau

than it is in the central and western portions of the basin, where the

deformation style has been shown to be substantially different.

A low basement dip (less than 1 0) may be an important factor in the

structural style observed along B-B', causing the section to deform

internally in order to maintain a critical taper (Davis and Engelder, 1g85;

Jaume 1986; Jaume and Lillie, in press). The shallow dip of the basement,

ational events being clearly recognized.
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interpreted by depth conversion of the seismic data, is also apparent from

the significantly less steep Bouguer anomaly as compared with that

observed along sections A-A and C-C'.

Indian Foreland

Cross section E-E' (Fig. 37) shows the substantially narrower

molasse belt of the SubHimalaya in the Siwalik Range of India, as well as

the absence of a distinct frontal thrust. The absence of a basal evaporitic

sequence, as well as basement depth, is well constrained along the

southern portion of the profile, but farther north the subsurface geometry

is more speculative.

The southern margin of the foothills along the Ganges Plain is not a

continuous line, but occurs en echelon, occassionally offset by strike-slip

faults formed along the edge of basement arches (Fig. 9). Some of the major

antecedent rivers now flow along these fault lines. The structural

framework of the foreland is controlled by these basement faults (Gupta,

1 977), much as north-south oriented basement faulting in the Pakistan

foreland may be aligned with the Kalabagh Reentrant. The Indian fold belt

can be separated into three zones from the foreland toward the hinterland

(Rupke, 1 974; Karunakaran and Rango Rao, 1 976): (1) broad, gentle

anticlines, arranged en echelon, exposing mainly Upper Siwaliks over a

faulted, or undulating basement (i.e., Hoshiar well to Dera Gopipur

Anticline); (2) a belt of strong folds containing long, narrow anticlines,

cored by dual-verging thrusts, exposing lower Siwalik strata, with broad,

intervening synclines (i.e., Dera Gopipur Anticline to Palampur Thrust); and

(3) a schuppen zone with closely spaced strike-slip faults delimiting
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steeply-dipping homoclines that expose lower Tertiary rocks along the MBT

(ie., area north of Palampur Thrust).

Drilling suggests that the Paleocene/Eocene units, which are the

primary hydrocarbon producers in the Potwar Plateau, may be absent in the

Ganges foreland in India. Rather, south of the Dera Gopipur Fault,

progressively younger molasse overlie the Indian shield (Fig. 19), though

locally the "basement" is the Vindhyan Group, pre-Vindyhan metamorphics

or Gondwanaland platform rocks (Acharyya and Ray, 1 982).

The Indian foreland fold and thrust belt differs from the equivalent

Pakistan zone by the absence of a basal evaporite decollement in India, This

results in more intense folding and thrusting distributed across a narrower

foreland in India (i.e., no broad, undeformed southern Potwar Plateau, as in

Pakistan, Fig. 9). Dual-vergent thrusts are observed on E-E', although the

basement dip is comparable to that seen on C-C (Fig. 24) and A-A (Fig. 35)

in Pakistan. In the western and central portions of the Pakistan foreland,

the basal decollement guides stress release into generally south-verging

thrusts and major horizontal overthrusts.



6. RAMPING MECHANISMS

Basement Faults

In the central Potwar Plateau, Baker (in prep.) and Lillie et al. (in

press) document what appears to be a high-angle normal fault in the

basement (Fig. 35). Similar north-facing, basement normal faults have been

reported along the Indian frontal foldbelt by Talkudar and Sudhakar (1972),

and thrusting, paralleling these faults, has been interpreted as reactivation

of the normal fault surfaces. However, iii the Salt Range, Baker (in prep.),

Duroy (1986) and Lillie et al, (in press) suggest that the normal fault

represents a tensional feature caused by the downbending of the Indian

plate by the loading of sediments and thrust sheets. This fault controls

ramping, allowing the SRT to cut upsection exposing older rocks at the

surface, rather than being reactivated as a reverse fault.

Although the main Salt Range detachment, and splays that cut

upsection, are thin-skinned in the sense that basement is not a portion of

the fault plates, passive basement tectonics may play an important role in

the position of thrusts in the Potwar Plateau and Salt Range. Already

discussed are possible faults in the NPDZ along C-C' (Fig. 27), and the

basement normal faults in the central Potwar Plateau (Fig. 35). Basement

faults, acting as ramps, may also be responsible for the uplift of the

Attock Cherat Range (R. Lawrence, oral comm., 1 986), and the northern

portion (Dhurnal field, Fig. 7b) of the Khaur structure (P. Yeats, oral comm.,

1 986; Fig. 1 3b). In the northeastern Potwar Plateau, Pennock (in prep.),

with recently acquired seismic reflection lines, suggests additional faults

downdropping the basement to the north. Along B-B, preliminary two-
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dimensional gravity modeling suggests that the amplitude of the anomalies

in the eastern Potwar Plateau require a density contrast that is difficult

to obtain unless basement offsets are modeled (Fig. 38). Areally, variations

in the Bouguer gravity field of the eastern Potwar Plateau are comparable

to the anomaly amplitude over the basement offset in the central Potwar

Plateau, as demonstrated by a first-order residual map of the Bouguer

anomaly (Fig. 39). The suggested horst and graben geometry may serve as

basement ramps responsible, in part, for the location and vergence of

thrusts, rather than fault geometry being controlled solely by basement

dip, and possible changes in the decollement zone (e.g., Davis and Engelder,

1 985). Other basement faults, though not involved in ramping, have been

suggested to underlie the sedimentary sequence in the Jhelum Plain and

Potwar Plateau. Duroy (1986) proposes possible faults flanking the

Sargodha Ridge, and gravity modeling yields up to 2 km of vertical

basement separation across the Kalabagh Fault. Possible basement fault

control on the deposition of the Salt Range Fm. in the Multan area, south of

the Sargodha Ridge, is indicated by isopachs of this formation.

However,along the Salt Range, only in the central portion is frontal

thrusting controlled by the normal fault ramp. A seismic isopach map of

molasse thickness (Fig. D4), as well as a structure map on the top of the

Eocene (Fig. D7), clearly indicate that the normal fault is laterally limited

in the area just north of the central Salt Range. Other mechanisms must be

called upon for exposing similar age platform rocks in the western and

eastern Salt Range.
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FIGURE 39, First-order residual map of Bouguer anomaly over Potwar
Plateau and Salt Range. A residual map attempts to remove the regional
mantle contribution to the gravity field due to the northward dip of the
Moho, thus highlighting localized anomalies caused by shallower density
contrasts. This map was constructed by graphically removing an east-west
striking, planar surface that dipped north at approximately lmgal/km. The
baseline for this plane is the smooth, consistently northward-dipping
gravity field in the western Potwar Plateau (le., no large basement faults
in the southern portion), thus there is no residual anomaly in the western
portion of the basemap. The strong negative residual in the central Salt
Range reflects the offset basement (along the normal fault ramp), in
contrast with thick lower density molasse downthrown to the fault, and
thick lower density evaporites upthrown to the fault (Fig. 35). Across the
Potwar Plateau, the molasse thickness is relatively consistent laterally
(Fig. D5). Although variations in the thickness of the molasse section in the
eastern Potwar Plateau would affect the residual anomaly, the major
contribution is probably due to the density contrast between the basement
and the overlying Salt Range Fm., along the northeasterly-striking
basement offsets (Fig 38). A positive residual (Kotal Kund area and Pabbi
Hills) may indicate a thinning of evaporites where the southeastern Potwar
Plateau merges with the Uhelum Plain (Fig. Dim).
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Western Salt Range

In the western Salt Range, the Salt Range detachment rides up an

unfaulted, north-dipping basement monocline, representing a protrusion

branching northward from the Sargodha Ridge (Voskresenkiy, 1 978).

Although the average dip of the basement along both C-C and A-A is about

3°, the basement dip is considerably less steep south of the Salt Range on

both profiles. While this change is largely accomodated across the two

normal faults on A-A' (Fig. 35), in the western Salt Range the change

occurs gradually along the basement monocline (Figs. 24 and 25). In

general, the gravity field trends east-west, oblique to the trend of the Salt

Range (Farah et al., 1977; Fig. 8), indicating that basement rocks are not

incorporated in the thrust block. However first-order variations in the

Bouguer anomaly include a strong northward-trending salient, suggesting a

basement "high" or ridge beneath the south end of C-C' (i.e., southwest

corner of Fig. 8b). This basement ridge may be responsible for the very thin

autochthonous units of the Jhelum Plain along C-C' (Figs. 25 and D4).

Seismic lines crossing the front of the Salt Range do not depict a

distinct fault plane cutting up to the surface. Rather the fault plane is

picked at the top of the Jhelum Plain strata interpreted to underthrust the

Salt Range (Fig. 40). Seismic reflectors immediately below the SRT are

attenuated and chaotic, indicating that the overridden molasse may be

sheared and folded, However, the deeper Cambrian sandstones and

carbonates, and the more competent members of the Salt Range Fm.

directly overlying the basement, are strong coherent reflectors. These

reflectors represent the autochthonous section beneath the thrust, and thus

10k
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FIGURE 40, Fault plane map for the SRT picked from the top of the
autochthonous Uhelum Plain strata as interpreted on seismic lines to
underlie the Salt Range, and supplemented with depth values from the top
of the autochthon as defined on D-D (Fig. 3 1). Note that the SRT proper
steepens, then is cut off by the northeast-trending Karangal and Domeli
Thrusts (see Fig.13b, for location). East of these faults, the main map
shows the basal basement/Salt Range Fm. detachment surface projected
southward as a sled-runner" thrust beneath the Lila, Warnali, and Pabbi
Hills Ant iclines. The inset map (position outlined on main map) indicates
the shallower fault plane geometry of the Frontal Thrust and dual verging
splay thrusts. Note that toward the northeast, these fault planes eventually
merge with the basal decollement. In the west and central Potwar Plateau,
the fault surface merges with the basement/Salt Range Fm. interface near
32° 45 latitude. This merge zone is the northern limit of the autochthon
(Fig. D4), sharply defined by the normal fault in the central Potwar Plateau
(i.e., Fig. 35), and by the gradual thinning and termination of the autochthon
in the western Potwar Plateau (Figs. 24 and 25). Along the western edge of
the Potwar Plateau, the SRT fault plane may be truncated by the high-angle
Kalabagh Fault south of 32° 45 (Figs. 31 and 32), though north of the
interpreted gravity transects (Fig. 4a), the relationship is unknown. The
5RT fault plane map suggests that the basal decollement may merge with
the Kalabagh Fault along a steep, high-angle ramp.

Kohat-Bannu basemap
Potwar-Salt Range basemap.



34 00

33 45

33 5

33 00

32 15

32 30

3215

3200

Agh3nI0ten

-'I

j

-46

I

Indus R

Cmbe Ipor

I rQ4krn
D3tum MSL

25km

Bennu

Sc

Koht

p

FIGURE 40a FIGURE 40b

U, 8 ! 8 8 ! 8 8 ! 8
R

34

C.I. 04km Aigh -

Datum: rISL



107

are correlative with the platform units and SRF that crop out within the

Salt Range.

Influence of Sargodha Ridge

Foreland flexure is important in understanding the emplacement of

the Salt Range allochthon. Wells drilled south of the Salt Range (Figs. 7 and

1 7) penetrate a platform section that is stratigraphically truncated

relative to the same time-stratigraphic interval in the hangingwall of the

SRT, and relative to the same interval south of the Sargodha Ridge, in the

Multan area (Fig. 41). A similar relationship is observed across the Delhi-

Lahore Ridge in India, suggesting there that the area north of the present

ridge axis was uplifted until middle Tertiary, and only since the Miocene

has the ridge acquired its present shape (Datta et a)., 1964). The

relationship in Pakistan suggests that the fault offset in the basement

(e.g., section A-A) may have existed for significant time prior to

movement of the SRT over the ramp (Baker et al., in review). If so, the area

south of the fault would have been structurally elevated, allowing erosion

of several kilometers of Paleozoic to lower Tertiary section, now absent in

the northern Jhelum Plain relative to the sequence in the Potwar Plateau.

Alternatively, the area may have been topographically high long before

Himalayan convergence, along preexisting basement highs; in this case,

only a thin Paleozoic to lower Tertiary section would have been deposited.

Later accentuation of these highs as a lithospheric bulge during Himalayan

collision would account for the absence of basal molasse (Murree Fm.),

either by erosion and/or nondeposition, on the northeast flank of the bulge.

Murrees are present to the northeast in the Jhelum Reentrant, and have also
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been reported in wells far down the southern flank of the Sargodha Ridge

(Fig. 42).

Evidence that a structurally-distinct flexural bulge 'rn i grated"

across the foreland is not seen in the stratigraphic record of the Potwar

Plateau. A northward thickening Paleogene interval (Figs. Dle-g), and the

geometry of the pre-molasse unconformity surface (Fig. DiOc) are not

consistent with uplift and erosion, if each portion of the Eocene foredeep

progressively "migrated over" a flexural bulge during the time since plate

collision. Stratigraphic evidence is also lacking in the molasse

stratigraphy. A seismic line extending from the northern Jhelum Reentrant,

to the crest of the Sargodha Ridge, shows a southward, down-stepping

truncation of theplatform section (Fig. 43, location given in Fig. 4a),

possibly indicating uplift and relative southward migration of the bulge as

the Jhelum Plain portion of the Indian plate moved over the flexure.

However, the seismic reflectors representing the Siwalik molasse have a

"layer-cake" appearance, rather than on-lapping thinning that might be

expected if basement flexure uplifted and migrated southward at a

constant separation distance from the SRT (e.g., see Beaumont et al., 1982).

The effect of flexural warping may be seen in the middle Eocene regression

(coinciding with limited evaporite deposition in theKohat area), prior to a

final late Eocene transgression in the deepest part of the foredeep (Wells,

1984). The full extent of the flexural warp may be represented by missing

Oligocene section throughout the northern Pakistan foreland. Not until the

Salt Range/Potwar Plateau region had moved through the flexural warp

(i.e., by middle Miocene) did the warp assume its present "ridge" definition.

The northwest-trending Sargodha Ridge is the dominant structural

culmination in the Jhelurn Plain. The trend of the ridge, parallel to the main
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FIGURE 42. Schematic fence diagram of molasse stratigraphy from Potwar
Plateau to Multan Basin, across Sargodha Ridge. Well locations are at the
base of each stick section, and are also shown in Figure 7 for wells north
of the Ridge, and Figure 16 for wells south of the Ridge. The absence of the
Rawalpindi Group molasse on the north flank of the Sargodha Ridge
suggests that the Ridge may have attained its anticlinal shape, and its
position, relative to the High Himalaya by middle to late Miocerie, when
thrust loading in the High Himalaya ceased, By this time, the portion of the
Indian plate encompassing the Potwar Plateau and Salt Range had moved
through the flexural warp induced by tectonic loading. During the time of
deposition of the Rawalpindi molasse, the presence of the Sargogha Ridge
south of the developing foredeep prevented deposition of the molasse
and/or allowed erosion of deposited sediments.
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FIGURE 43. Amoco Pakistan Exploration Co. Ltd. seismic line AW-15-N from
Kundian well in the Kalabagh Reentrant to axis of Sargodha Ridge. Location
of line shown in Figure 4a.

LINE PARAMETERS
Migrated: no
Prospect: Jhang
Shot and recorded by: Western Geophysical
Date shot: 1 97 1

Source: Vibroseis
Sample Rate: 4 msec
Stack: 2400%
Elevation correction

Statics datum: 152 m
Correction velocity: 1 828 m/sec

Topography and mean sea level are plotted relative to the statics datum
using the correction velocity.
Length: 32.0 km

uninterpreted
interpreted
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Himalayan trend, indicates the ridge may be of lithospheric dimensions, in

contrast to the thin-skinned thrusting and rotation of the Salt Range. Duroy

(1986) has modeled the Sargodha Ridge as a lithospheric bulge caused by

the down-bending of the Indo-Pakistani plate as it is subducted and loaded

by the High Himalayas. The main contribution to the flexure appears to be

loading by major nappes of the main Himalaya, rather than a subsurface

load (Karner and Watts, 1983), which is why the northwest trend of the

Sargodha Ridge is parallel to that of the main Himalaya (Fig. 16). Finite-

element modeling by Duroy (1986) fails to provide a perfect two-

dimensional fit to the existing bulge in front of the Salt Range. This is

probably due to the three-dimensional effect of the central Himalayas to

the northeast. The effect of loads, outside the two-dimensional profile

along F-F (Fig. 2), adds stiffness to the elastic plate, resulting in a shorter

wavelength of flexure than actually calculated. These loads prevent the

true flexural bulge from freely migrating to the south, resulting in the axis

of calculated curve being located about 80 km south of the axis of the

actual Sargodha Ridge.

The additional load of younger thrust sheets and sediments in the

Potwar Plateau and Salt Range, though contributing to the flexural

response, would be insignificant compared to the main loading members of

the central Himalaya (Y. Duroy, oral comm., 1986; Karner and Watts, 1983).

As intracontinental thrusting had mainly ceased by middle Miocene (e.g.,

Gansser, 1964), the flexural bulge has probably maintained essentially its

same position, relative to the Lesser Himalaya, since middle to late

Miocene. tn a sense, as the basal Salt Range detachment propagated rapidly

southward in the last 5 my, the obliquely-trending Salt Range! Potwar

Plateau thrust sheet 'collided or 'caught up" with the Sargodha Ridge, with
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the basal detachment cutting upsection toward the surface in the western

Salt Range. A similar effect is seen in the North American overthrust belt

where the Moxa arch deflected faults and caused regional principle stress

trajectories to bend (Wiltschko and Eastman, 1983).

The Lilla and Warnali Anticlines, and possibly the Pabbi Hills

structure (Fig. 1 3b) may represent the continued propagation of the main

detachment beneath the undisturbed foreland strata as a "sled runner"

thrust. The absence of this type of structure in front of the western Salt

Range may indicate that the detachment has already been "crowded to the

surface by the northwest-trending Sargodha Ridge, and that the

stratigraphic section is too thin to allow propagation of the detachment

any farther southward.

Lithologic and fades control

Additional factors that may be responsible for the emplacement of

the SRT at its present location are thickness, lithologic, and stratigraphic

changes in the Salt Range Fm. Control on the thickness of the Salt Range

Fm. in the autochthon is limited to projections from wells in the Jhelum

Plain beneath the frontal thrusts, via seismic data. The tremendous

thickness of Salt Range Fm. that underlies the Salt Range, due to structural

thickening (z 3.4 km; Fig. Dl j,k), is in strong contrast to the thin sequence

in the Jhelum Plain (less than 0.5 km; Fig. Dll,m). Isopachs, using seismic

data and gravity models, indicate that only in the Kalabagh Reentrant, and

in the southeastern Potwar Plateau, does the Salt Range Fm. reach any

appreciable thickness ( 3.4-4.2 km, Fig. D1l,m) on the autochthonous plate.

The thinning of the evaporite fades in front of the advancing SRT may have
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forced the fault tip to propagate to the surface. As the basement shallows

southwards toward the Sargodha Ridge, thinning overburden would result in

a reduced thermal gradient, thus the Salt Range Fm. would become less

ductile and efficient as a glide plane. Likewise, the reduction in lithostatic

load would decrease the ability of pore water to be expelled by gypsum

dehydration (Heard and Rubey, 1 964, 1 966) and concentrated along the fault

pane

Facies variation within incompetent strata have been used to

explain the location of thrusts in the Appalachians (Harris and Milici,

1974). Eocene evaporites appear to be limited to the south-central area of

the Kohat depositional basin, changing towards the Salt Range into the

more dolomitic fades of the Chharat Group (Fig. 11). The areal limits of

this structurally-shallow evaporite fades coincide with the fairly abrupt

transition from the tight, thrust-cored folds of the Kohat Plateau to the

imbricate fault zone of the western Potwar Plateau.

Similarly, Jaume (1986) proposes that the original southward extent

of the imbricate fault zone in the northern Potwar Plateau may be due to a

thinning of the Salt Range Fm. northward and/or changes in lithology from

more salt-bearing fades to a more competent gypsum-dominated unit.

Beneath the Salt Range, the evaporites penetrated in the Dhariala well (Fig.

7b) have been described as massive salt (Gee, 1983), consistent with

ductile thickening above the SRT. In contrast, in some wells south of the

frontal thrusts, the Salt Range Fm. comprises more carbonates, clastics

and mixed gypsiferous mans, with less rock salt (Fig. 19). This change in

lithology, from a sequence rich in halite, to one with significant intervals

of more competent members, may be operating in conjunction with the
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structural factors (e.g., basement normal fault, Sargodha Ridge collision) in

locating the position of frontal thrusts.

Eastern Salt Range

The Bouguer anomaly map and seismic reflection data suggest that

the large basement normal fault dies to the east from the central Salt

Range (Fig. I 3b). Ramping of the platform rocks occurs on a both northwest

and southeast-verging thrusts, and high-angle reverse faults. The SRT is

interpreted to die toward the northeast into a northeast-trending fault

system, cut of f by the northwest-verging Karangal Thrust (Fig. 40),

forming a triangle zone (e.g., Elliott, 1981). Range-front uplift and

displacement of the platform rocks is transferred to a fault designated

here as the Frontal Thrust (FT) (Figs. 1 3b, 44). The Frontal Thrust may have

horizontal displacement on the order of that suggested for the SRT, but

other thrusts that define the southeastern corner of the Salt Range appear

to be high-angle reverse faults that result in salt-cored, fault-propagation

folds (Fig. 45). This fault complex represents the transition zone from the

distinct overthrust in the central and western Salt Range, to the folded

eastern Potwar Plateau. Here, deformation propagated in a gradual manner

from north to south (Johnson et a]., 1986) as shortening along the basal

Salt Range detachment was distributed among high-angle reverse splays

that cut to the surface, as opposed to a major decollement within the

molasse, as suggested by Coward and Butler (1 985)

Just as the western portion of the SRT accomodates the basement

offset in the central Salt Range along a rapidly shallowing basement

monocline (Fig. 24), the same age platform rocks are uplifted to the
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FIGURE 44. Map relationship of major faults in eastern Potwar Plateau, and
location of seismic lines and wells used in fence diagram (Fig. 45). Dashed
fault symbols indicates that the tip line of the fault does not cut the
topographic surface, and may be cut off by fault of opposite vergence. This
interpretation suggests that the SRT, that fronts the western and central
Salt Range, after striking to the northeast, is cut off by the Karangal
Thrust. Frontal displacement along the Salt Range is accomodated on the
Frontal Thrust, and northwest-southeast shortening is accomodated by the
Rhotas, Jogi Tilla, Mahesian, and Domeli Thrusts, The basal detachment may
be propagating beneath the Jhelum Plain along the basement/Salt Range Fm.
interface, with deformation expressed as sed runner" anticlines (i.e.,
Lilla, Warnali and Pabbi 1-lills structures; Fig. 13b).
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FIGURE 45. Fence diagram along seismic lines and tie lines In eastern
Potwar Plateau. Location of lines shown in Figure 44. This interpretation is
not depth converted, and is simply an unbalanced structural interpretation
of the seismic data 'tied' with line extensions and a frontal tie line,
employing surface geology and well data. The SRT is cut off by the Karangal
Thrust, which in turn is cut off by the Domeli Thrust. The Frontal Thrust
cuts down section gradually to the northeast where it, and the more
steeply-dipping thrusts on lines PTW-4A and PTW-1, merge with the basal
decollement along the top of the basement. The structural complications
where line SR-3, and the tie line, intersect are due to the transfer of
displacement from the south-verging Frontal Thrust to the west-verging
Rhotas Thrust along the Chambal Ridge.
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surface in the eastern Salt Range as a considerably thicker autochthonous

section (compared to that found in the central and western Salt Range)

underthrusts the Frontal Thrust (Figs. 35 and D4). Figure 40 shows that the

fault planes of the Frontal Thrust and Karangal backthrust eventually

merge with the basement/Salt Range Fm. interface, allowing the basal Salt

Range detachment to propagate south of the Salt Range as a 'sled-runner"

thrust (see also Fig. 44).



7. TIMING OF DEFORMATION

Methods

The quantification of uplift and concomitant thrusting can be

determined by several established methods, many of which have been

applied with varying degrees of success in the central and eastern Potwar

Plateau (see Raynolds and Johnson, 1985). The initiation of uplift can be

determined by dating the youngest sediment deposited by a fluvial system

flowing across a site, which subsequently becomes involved in

deformation. The end of local uplift can also be determined by establishing

the age of two stratigraphic sequences which bound an episode of

deformation (Raynolcis and Johnson, 1985). Detailed magnetostratigraphy

can also date sediments affected by tectonic events that Change

paleocurrents and sedimentation rates, influence provenance and facies, or

which initiate tectonic rotations and the development of unconformity

surfaces (Burbank and Raynolds, in press). The dating of clastic or tectonic

wedges has also been successively applied to absolute dating of thrusting

events, as well as the timing of thrusts relative to one another, in the

Wyoming-Idaho overthrust belt (Royse et al., 1975).

The lack of magnetostratigraphic studies in the western Potwar

Plateau prohibits detailed application of most of these dating methods, and

the extrapolation of timing information from the central and eastern

Potwar Plateau must be done cautiously. A series of temporal schematics

suggesting the relationship of deformational events in the central and
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eastern Potwar Plateau and Salt Range, with interpreted thrusting events

along C-C, in the western Potwar Plateau, is shown in Appendix E.

Northern Potwar Deformed Zone (NPDZ)

Evidence for the earliest thrusting in the fore)and of Pakistan is the

juxtaposition of different lithologies along the Hissartang, Cherat and

Khairabad Faults of the ancestral Attock Cherat Range. This occurred in

latest Cretaceous to earliest Paleocene on the northern edge of the

foredeep, then centered in the Kohat area (Yeats and Hussain, in press),

although crustal collision and subduction were occurring several hundred

kilometers to the north, along the developing Indus Suture Zone and Main

Mantle Thrust (MMT).

Major uplift and concomitant thrusting began south of the MMT (Fig.

2) by late Oligocene to early Miocene, spreading as far south as the Attock

Cherat Range by middle Miocene (Burbank, 1 983; Fig. 3) as documented by

renewed deformation and uplift prior to deposition of Murree molasse in

this area (Yeats and Hussain, in press). Strong folding and overthrusting of

Murree strata during a depositional hiatus from middle Miocene (15 mybp)

to middle Pliocene ( 5 mybp), in areas north of the MBT (present Peshawar

Basin), represent protracted deformation affecting the northern margin of

the modern molasse foredeep (Burbank, 1 983; Johnson et al., 1 986). Early

movement on the MBT is also indicated along the southwest margin of the

Pir Panjal Range by the Karewa lacustrine deposits in the Kashmir Basin,

which show that the basin has existed as a separate entity from the main

molasse basin for the last 1 0 my (Armbruster et al., 1 978). West of the

Kashmir Basin, prior to documented uplift along the MBT controlling
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intermontane deposition, disruption of the foredeep may have proceeded

even farther into the foreland. Thrusting may have begun in the NPDZ (i.e.,

the folded faults), although the time faulting began in the NPDZ cannot be

determined exactly. Unfaulted basal Siwalik molasse overlying the folded

faults suggests that movement on these faults occurred either during

deposition of the Murree sediments, or near the end of deposition of the

Rawalpindi Group. Because the Rawalpindi/Siwalik boundary youngs

westward (Fig. 21), this time of faulting may range from 15-10 mybp in

the western Potwar Plateau.

Later uplift along the high-angle reverse faults in the NPDZ would

allow erosion of Murrees and Siwaliks, distributing coarser sediments and

conglomerates in the sediment record. Just east of the present Indus River,

the uppermost 1000 m of the Middle Siwaliks (Upper Nagri-Dhok Pathan

Ems.) contain thick beds of conglomerate (Fig. 21). The beds vary in

thickness from 10-50 m, and are primarily composed of gneiss and

quartzite cobbles, and other Karakorum provenance rocks (Gill, 1951b).

These conglomerates have been interpreted as channel deposits of an

ancient river system which flowed transversly across the Potwar-Kohat

areas during most of Middle Siwalik time. Within this overall

conglomeratic sequence, there are subsidiary beds of subangular Murree and

Kamlial sandstone, up to 0.5 m in diameter, with only scattered rocks of

Himalayan provenance. These sandstone conglomerates may indicate that

towards the end of Middle Siwalik time ( 8-5 mybp, Fig. 21), faulting and

uplift in the northern Potwar Plateau was active, allowing erosion of

previously deposited molasse (Gansser, 1 964). Presently the NPDZ has

virtually no topographic relief (Fig. 12b), indicating that uplift had ceased,

and that sufficient time has elapsed for erosion to remove the topographic
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slope (e.g., Jaume and Lillie, in press). Another implication of the middle to

late Miocene initiation of faulting in the northern Potwar Plateau is that

thrusting was ongoing as the ancient river system continued to deposit

Siwalik sediments to the depocenter (Fig. C2 and App, E). Thrusting in the

NPDZ may have proceeded for a long time (perhaps 7-8 my) to accomodate

tens of kilometers of shortening, at a rate comparable to the rate of later

movement on the SRT (i.e., 0.9-1.4 cm/yr; see Baker et al., in review). The

end of deformation in the NPDZ is interpreted to coincide temporally with

the most recent deformational event in the northeastern Potwar Plateau at

2. 1 - 1 .9 mybp (Raynolds and Johnson, 1 985; Johnson et a]., 1 985a).

By middle Pliocene ( 5 mybp), equilibrium between uplift and

erosion was established in the areas north of the MBT. Episodic uplift along

the MBT, and possibly along faults of the Attock Cherat Range, has been

documented from 5 mybp to present (i.e., Burbank, 1982, 1 983; Yeats and

Hussain, in press). Uplift just prior to 3 mybp, along the southern margin of

the Peshawar Basin, initiated intermontane deposition that persisted from

2.8 to 0.6 mybp (Burbank, 1983). Similarly, renewed thrusting along the

MBT, which commenced at least 1.9-2.0 mybp, uplifted the Kala Chitta

Range, forming the Cambeilpor Basin (Burbank and Tahirkheli, 1985).

Shortening and uplift along the MBT, and the faults of the Attock Cherat

Range, appears to be periodic, suggesting that movement on other faults,

including the SRT, may not be continuous through time once initiated.

Rather shortening and uplift may occur during specific time intervals,

often separated by millions of years of quiescence.



Salt Range

The absence of any significant north-south oriented tear or strike-

slip faults between the Karangal Thrust and the Kalabagh Fault (Fig. 13)

suggests that timing constraints on SRT movement in the central Salt

Range may be extrapolated westward. Initial morphotectonic emergence of

the central Salt Range area is suggested by unconformable Upper Siwalik

strata, overlain by platform rock conglomerates (Permian Tobra Fm, clasts)

in the Bhaun.Syncline in the south-central Potwar Plateau (Fig. 13b;

Johnson et al., 1 986; Burbank and Raynolds, in press). Magnetostratigraphic

methods date this deformational event at 4.5 mybp, suggesting that

movement on the SRT may have begun at this time. Baker et al. (in review)

and Johnson et al. (1986) argue that the 4.5 mybp event is actually related

to uplift and erosion along the large basement normal fault and/or the

Sargodha Ridge, while later deformational events (2.1-1.6 mybp), in the

north-central and northeastern Potwar Plateau, date the initial encounter

of the thrust sheet with the basement fault, and subsequent ramping.

If thrusting in the western Salt Range began as early as 4.5 mybp, a

slightly more emergent thrust front in the western Salt Range (Butler et

al., in press) would help reconcile the greater amount of apparent

overthrusting in the western Salt Range (z 34 km), versus that of the

central Salt Range ( 20 km; Baker, in prep.). Correspondingly, a slightly

longer period of horizontal movement in the western Salt Range would

result in an average rate of shortening more compatible with that

suggested for the central Salt Range (Baker et a]., in review). A continuous

period of movement beginning at 4.5 mybp would give an anomalously low

average rate of shortening in the western Salt Range ( 0.7 cm/yr),
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suggesting that movement on the SRT is episodic, with periods of

quiescence between periods of uplift.

Kalabagh Fault

As with the western Salt Range, detailed timing information is not

available for the Kalabagh Fault. Murree and Lower Siwalik strata (Miocene

to probable late Pliocene age) were deposited prior to, and involved in

essentially all recognizable Neogene deformation. Deposition of Upper

Siwalik strata (late Pliocene to Pleistocene in age) was synchronous with

the onset of regional compressional deformation, as well as the

development of the Kalabagh Fault (J. McDougall, writ. comm., 1 985). The

Kalabagh conglomerate along the Kalabagh Fault is cut, but Holocene

alluvium appears to be undeformed, suggesting that the recurrence interval

of faulting may be measured in thousands of years (Yeats et al., 1 984).

Constraints on the timing of vertical offset along the Kalabagh Fault

can be suggested by the amount of molasse interpreted to be preserved in

in the axis of the Kalabagh Reentrant ( 3.0 km, Fig D3a). Sedimentation

rates during Middle Siwalik time were as high as 0.8 m/ 1000 yrs (Fig.

Dlii), with average sedimentation rates of 0.3-0.5 m/ 1000 yrs occurring

during Upper Siwalik time in the eastern Potwar Plateau (Fig. Dl le-g).

Assuming an average sedimentation rate of 0.3-0.5 rn/i 000 yrs, vertical

of f set and subsidence along the fault would have occurred over a period of

5-6 my. The Kalabagh Fault is presently active, suggesting that the

Kalabagh Reentrant may have begun to control deposition as early as the

beginning of the Pliocene, in much the same way as the Jhelum Reentrant
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began to control sedimentation and drainage about 5-4 mybp (Visser and

Johnson, 1978; Burbank et al., l986)

Western Potwar Plateau and Bannu Basin

In the western and central Potwar Plateau, the I luvial system

responsible for Siwalik deposition persisted in a west-to-east flow

direction for some 16 my from middle Miocene to late Pliocene, and the

main trunk stream lay southeast of the Khaur area (Badgley and

Behrensmeyer, 1 980; Burbank, 1 983; Johnson et a]., 1985). A rearrangement

of drainage, caused by late Pliocene (4-3 mybp) uplift of the Pir Panjal

Range and the Margala Hills, allowed the Jhelum River to capture the

drainage from the uplifting ranges, and begin to flow southerly and

westward (Burbank, 1 983, Fig. 3). The Jhelum River took over the position

of the longitudinal drainage system in front of the uplifting Salt Range.

Meanwhile, the uplifted Potwar Plateau was being dissected as it was

drained by an underf it Soan River flowing east-to-west (Pilgrim, 1919;

Gill, 1951a).

Subsequently, drainage from the regionally westward-ti 1 ted Potwar

Plateau was captured by the Indus River, which began to fill the

complementary subsiding Kohat area and Bannu Basin with younger Siwalik

equivalents (Khari, 1984, Fig. 21). Though sedimentation rates in the Trans-

Indus Salt Range area exceeded 0.7m/ 1000 yrs (Khan, 1984), the relatively

thin venier of molasse in the Bannu Basin indicates that subsidence in this

area began much later than it did in the Potwar Plateau (Fig. D5). This

regional tilting was probably influenced by thrust loading in the Kohat
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Plateau and uplift along the Sulaiman Range (Nb and Hussain, 1984), as the

subsurface structure of the Bannu Basin dips northwest (Fig. D6).

The tndus River did not flow through the Kalabagh Reentrant until

recently (Gill, 1951b), as older, major drainage was southeast through the

Kohat and Bannu areas (Nb and Hussain, 1984). The absence o multistoried

sandstones in the Bhittanni Range (Fig. 3) indicate that the Indus River had

begun its eastward migration by late Pliocene (Khan and Opdyke, 1981), in

fair agreement with the suggestion that the Kalabagh Reentrant became

structurally defined in early Pliocene. Continued migration of the Indus

River eastward by 15-20 km was probably caused by tilting due to

transpressive movement along the Kalabagh Fault, and incised drainages

indicate continued uplift in the fault zone (J. McDougall, writ. comm.,

1985). Currently the Indus River serves as the main foreland stream (Van

Houten, 1 969), Deformation in the Bhittanni Range is younger than 0.7

mybp, reflecting renewed movement along the MBT (Nio and Hussain, 1 984),

and indicating that the geomorphic boundaries of the Kalabagh Reentrant

and Bannu Basin may have been only recently defined (Khan and Opdyke,

1981). Thus, the development of Bannu Basin is similar to the formation of

the Kashmir and Peshawar intermontane basins, although the Bannu Basin is

younger, corresponding to its more outboard location in the foreland,



8. AMOUNT AND RATE OF SHORTENING

Restored cross section C-C'

Although shortening within the Pakistan foreland progressed

generally from north to south, transfer of motion probably did not occur in

a rigorous manner on subsequent faults, each one more southerly than the

previous. Instead, displacement probably occurred simultaneously on more

than one fault during any one span of time. Therefore, graphical restoration

of C-C' to a predeformed geometry does not imply strict timing

relationships (Fig. 46). It does, however, palinspastically restore faults

planes, and thus, depositional positions of particular fault blocks. In

showing the restored length of the cross section, the amount of shortening

can be determined f or the entire cross section, as well as f or structural

"blocks" or regimes within the section (Dixon, 1982). The amount of eroded

strata from the uplifted fault blocks can also be estimated from the

graphical restoration. Detailed restorations of the Salt Range, and the NPDZ

portion of the cross section, are shown in Appendix C.

The amount of shortening of the overlying sedimentary cover is

considered to be relative to the Indian basement, which is essentially

unshortened. The length of cross section C-C' is 220 km. As the basement

averages a gentle 30 northward dip, the map distance is only about 0.5 km

shorter than the distance along the top of basement. Inaccuracy in depth to

basement conversion probably exceeds this small error; other sources of

error being due to gaps in the seismic lines, and measuring errors.
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FtGURE 46. Cross section C-C (Fig. 24) restored to predeformed geometry.
Restoration is relative to a pin point at km mark zero, over the Sargodha
Ridge. The Salt Range Fm. is restored to an average thickness over its
interpreted extent, Details of restorations in the Salt Range and the NPDZ
are shown in Figures Cl and C2, respectively. Shortening percentages are
given for the different structural regimes along the profile. Latitude ticks
are noted as they would have appeared along the original unthrusted, and
unfolded transect. These give an appreciation of the relative contraction
along the profile, as well as being useful in the palinspastic interpretation
of isopachs during construction of the evolutionary diagrams (Appendix E).
Restoration from the MBT to the Peshawar Basin is based on fault geometry
interpreted by Yeats and Hussain (in press), their Figure 11.
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Therefore, shortening is defined relative to a 220 km yardstick', or

respective portions of this baseline measurement.

Definition of Darameters

The restored length (L0) of a cross section represents the bed length

of the strata in the cross section when all deformation has been removed

(Hossack, 1979). The overall shortening (EL) on all contractile features is

the restored length (L0) minus 220 km (Lf). Shortening for folds, and fold

trains, is the restored length of the beds minus the cross section length of

the deformed beds. Shortening for thrusts is the present separation in

hangingwall and footwall cut-offs, measured along a key bed. The

shortening percentage (strain) is e = (- L/L0) x 1 00, where "e" is the

elongation (Suppe, 1 985). The term "displacement" is reserved to define the

apparent southward movement of the leading edge of the Salt Range

detachment with time, relative to a pin point in the Jhelum Plain at km

mark zero. "Displacement" therefore refers to the rate of progradation of

deformation across the foreland.

Calculated Shortening

The shortening percentage gives a value of the overall shortening of

C-C', but it also provides a means to compare intra-allochthon deformation

among different portions of C-C (Fig. 46). The largest amount of shortening

occurred across the Kala Chitta and Attock Cherat Ranges (75%), followed

by the NPDZ with 68%, and 49% for the Salt Range. The undisturbed strata

of the Jhelum Plain, of course, register 0%. The southern Potwar Plateau
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(Le., Soan Syncline), although displaced southward over the basement, has

had very little internal deformation; therefore it is estimated to have

shortened only about 1%, In absolute terms, the amount of shortening ior

the Jhelum Plain is 0 km, the Salt Range segment was shortened 37 km

(from 74 to 37 km), only about 1 km of shortening is interpreted for the

southern Potwar Plateau (from 73 to 72 km), about 85 km for the NPDZ

(from 1 25 to 40 km), and the Kala Chitta and Attock Cherat Range

(including the MBT) represent shortening of about 90 km (from a restored

length of 120 km to a present length of 30 km).

The entire length of C-C represents a shortening of about 49%,

reflecting a restored length of 433 km that today is represented by 220 km.

This shortening percentage value is comparable to strain estimates from

balanced cross sections in other thrust and fold belts (Hossack, 1979;

Davis, 1 984). Royse et al. (1 975) computed shortening of 83 km over a

restored length of 1 78 km, giving a shortening of 47% for the western

overthrust belt of North America. Price and Mountjoy (1 970) report a

similar magnitude (49%) for the shortening in the Canadian foothills.

Tertiary thrust belts in other rapidly converging, collisional zones are also

shortened comparably. Suppe (1 980) shows 1 60-200 km of shortening in

the Taiwan thrust belt, representing 50% shortening since the Pliocene,

Though shortening by nearly half is a good generality for entire foreland

thrust belts, intra-allochthon shortening can range considerably (Dixon,

1 982). Significant shortening, (90 km) is interpreted for the MBT and the

faults of the Attock Cherat Range, while most of the faults of the NPDZ

have less than 20 km of individual shortening (Fig. 47a). Figure 47b shows

that over 80% (180 km) of all the shortening occurs north of the Soan

Syncl me.
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FIGURE 47. Shortening and cumulative shortening, vs. distance along C-C'.
Position of faults is assumed to be approximate hangingwall cut-off of the
top of the platform sequence. For folding in the southern Potwar P'ateau,
shortening is assumed to be centered around the position of the Soan River.
For folding in the Salt Range, shortening is assumed to be centered at km
mark 60.

Shortening on individual faults and fold trains along C-C'. Figure also
shows cumulative shortening across Pakistan foreland from Sargodha Ridge
to the southern Peshawar Basin, relative to zero km pin point in Jhelum
Plain (Figs. 4b and 46). This is a quantitative description of Figure .46.

Shortening on individual faults and fold trains, and cumulative
shortening across Pakistan foreland, all expressed as percent of the total
amount of shortening (2 1 3 km, Fig. 47a) along C-C'.
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The amount of shortening on the MBT shown in the restoration (Fig.

46) is 45 km, as suggested by Yeats and Hussain (in press), though greater

amounts of shortening have been suggested for this fault zone. Coward

(1 983) assigns 1 00 km of shortening to the Hazara Thrust (equivalent to

the MBT) in Pakistan, and Lyon-Caen and Molnar (1 983) suggest 1 30 km of

shortening for the MBT in India.

In the eastern Potwar Plateau, Coward and Butler (1985) constructed

a balanced cross section from the undisturbed Jhelum Plain to the footwall

cut-off of the MMT. This section is skewed to the northeast of B-B' (Fig. 2),

and indicated shortening of 64%. The portion of the cross section

(southernmost 190 km, roughly equivalent to the coverage of C-C) provides

an strain estimate of 44%, a shortening of 1 49 km over a restored length of

339 km. They interpret the MBT as a diffuse thrust zone, comprised of

numerous fine-scale repetitions of Murrees and Eocene rocks, that has a

cumulative shortening of less than 100 km.

Coward and Butler's (1 985) calculated shortening in the eastern

Potwar Plateau (44%) is comparable to that calculated for C-C' (49%)

because they interpret a decollement within the Murree molasse,

accomodating considerable shortening by horizontal overthrusting. This

structurally-shallower decollement is not interpreted on B-B' (Fig. 36).

Cumulative shortening in the eastern Potwar Plateau, from the footwall of

the Raiwat Fault to the Pabbi Hills structure along B-B' (Figs. 4b andl3b),

is approximately 13 km. Most of this shortening is accomodated by fault-

propagation folding, and would be greater if more slip on the faults is

interpreted. This amount (1 3 km) is less than shortening along the Salt

Range decollement to the west, over a comparable zone south of the NPDZ

(i.e., 20 km in the central Salt Range and southern Potwar Plateau; Baker
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et al., in review). Shortening south of the NPDZ appears to increase even

farther westward, as shortening along C-C', south of the folded faults, is

about 38 km (i.e., 37 km in Salt Range and 1 km in the southern Potwar

Plateau). While shortening in the eastern Potwar Plateau is distributed

somewhat evenly over a series of structures, shortening in the central and

western Salt Range, and southern Potwar Plateau, is accomodated by a

single horizontal overthrust, "trailed" by a virtually undeformed Soan

Syncl irie.

Coward and Butler's (1 985) interpretation, north of the MBT, is not

directly comparable to the zone north of the end of C-C'. Their section

crosses several large faults between the MBT and the MMT, while north of

C-C', a line of section crosses the largely undéformed Peshawar Basin. So

it is likely that a cross-section along the direction of C-C', equivalent in

length to their section, would produce a shortening estimate less than 64%.

The shortening in the northern Pakistan foreland is thin-skinned

from the Jhelum Plain to the MMT. However, there has been a substantial

amount of lower crustal and lithospheric convergence between the Indo-

Pakistani plate and Asia, since the closure of the Indus Suture Zone in

Eocene time; estimates are at least 1 400 km, and possibly as much as 3000

km (Molnar and Tapponier, 1 977; Molnar et al. 1 980; Patriat and Acriache,

1 984). This shortening may be accomodated by underthrusting the northern

part of the greater Indian shield beneath Tibet, accounting for the double

crustal thickness and uniform high elevation in Tibet (Powell and Conaghan,

1973, Powell, 1979, Seeber, 1983), or by tectonic thickening and

lithospheric imbrication (Allegre et al., 1984; Him et al,, 1984; Yeats and

Lawrence, 1984). More specifically, the southward temporal progression of

major intracrustal thrusts provided evidence for Mattauer (1 975) and Le
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Fort (1 975) to propose that convergence is accomodated by a succession of

underthrust crustal slabs beneath the Himalaya. The convergence

accomodated by thrust shortening in the Himalaya has been estimated at

300 to 500 km (&ansser, 1964,1966, Baranzangi and Ni, 1982), but this

amount also compares with the width of the Tibetan Plateau (Stonely,

1 974). Molnar and Chen (1 978) argue that S-P traveltime residuals do not

support shield structure underlying parts of Tibet) although Barazangi and

Ni (1982) interpret the seismological data to come to the opposite

conclusion that extensive crustal underplating may be occurring.

Recent studies, farther north in the Tibetan Plateau, suggest that

much of the convergence is accomodated by a continent-wide deformation

in Asia, up to 3000 km north and northeast of the Himalayas, in the Pamirs,

lien Shan, and Tibet (Molnar and Tapponier, 1 975; Tapponier and Molnar,

1 976; Tapponier and Molnar, 1 977; Armbruster et al., 1 978; Roeder, 1979).

Some of the convergence may be accomodated by thrusting in the Pamirs

and Tien Shan (Fig. 1 4; Molnar and Tapponier, 1 975), but between 500 and

1 000 km of east-west motion has occurred along conjugate strike-slip

faults (Fig. 9) at a rate of 0.5 to 1.0 cm/yr (Baranowski et al. 1984; Molnar

and Qidong, 1 984), accounting for much of the north-south plate

convergence (Tapponier et al., 1 982).

More recently, transpressional thrusting has been discovered along

these strike-slip faults in Asia, increasing the amount of shortening, and

assisting in the absorption of convergence (Molnar et al., 1 987). However,

extensive controversy remains as to the extent) and type of deformation

and thrusting that has accomodated, and is still accomodating crustal

convergence in the Himalayas. Continuous seismic profiling across the

collision zone may help in this area.



Rate of shortening and disDiacement

From the age of basal molasse sediments in the Ganges Basin

in India, Lyon-Caen and Molnar (1985) suggest an average convergence rate

of 1.0 to 1.5 cm/yr, between India and the Himalaya, during the last 15-20

my. A slightly higher rate of about 2 cm/yr is suggested for concurrent

motion along the the MBT in India (Allegre et a]., 1984). This 1,0-2.0 cm/yr

convergence rate is only a portion of the overall nearly 5 cm/yr

convergence of the Indian and Asian plate. Additional crustal shortening in

the lien Shan (0.5- 1 .0 cm/yr; Molnar and Qidong, 1 984, Molnar and

Tapponier, 1975), accounts for a little more of the total, but better than

half of the present plate convergence rate is accomodated to the north

through escape-block tectonics described above (1-lefu, 1 986; Lyon-Caen and

Molnar, 1 985).

This 1 .0-2.0 cm/yr range in rates, as the fore land is thrust under the

Himalaya, brackets the rate at which the Salt Range detachment uplifted

the Salt Range (z, 1.3 cm/yr), if shortening occurred over a period of about

3 my, in the western Salt Range. This assumes some movement from 5-4

mybp, with the majority of shortening occurring during the last 2 my (Fig.

48). Based on a slightly different interpretation of published timing

information from magnetostratigraphic data, Baker et al. (in review) have

determined a similar rate of shortening in the central Salt Range of

between 0.9 and 1 .4 cm/yr (i.e., along section A-A'; Fig. 35).

In the NPDZ, deformation would have had to occur over a protracted

interval of 7-8 my (Fig. 48) to give a comparable shortening rate of about

1.2 cm/yr. A similar rate (0.9 cm/yr) is obtained for shortening along the
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MBT, if 45 km of shortening occurred over a period of 5 my; an older period

of shortening from 1 0-8 mybp, and more recent period from 4- 1 mybp.

If these average rates were maintained, movement on several faults

probably occurred simultaneously, as indicated in Figure 48, producing an

rapid apparent rate of cumulative shortening during the last 5 my. In the

authors interpretation, movement on the SRT begins prior to the end of

deformation in the NPDZ, indicating out-of-sequence thrusting. Out-of-

sequence deformation, relating ramping of the SRT in the central Salt

Range, tectonic rotations, and termination of folding in the Soan Syncline

to deformation along the MBT, has been suggested f or the northeastern

Potwar Plateau (Burbank et al,, 1 986; Burbank et al., in press; Johnson et

al., in press). Alternatively, if a greater rate of shortening is inferred for

both the NPDZ and the SRT, then it would be possible for thrusting to

completely cease in the northern Potwar Plateau, prior to the tip of the

detachment passing quickly beneath the Soan Syncline, and emerging as the

SRT (Fig. 49).

The low end of the range of shortening rates is suggested by the

oldest thrusting event in the Attock Cherat Range. Yeats and Hussain (in

press) interpret 44 km of shortening on three faults from 74.5 to 65.5

mybp, providing an average rate of 0.5 cm/yr. Faster rates of deformation

progression are inferred in the Jhelum Reentrant where progradation of

conglomeratic facies implies southward progression of deformation at a

rate of 3 cm/yr from 2.4-0.7 mybp (Raynolds and Johnson, 1 985).

Southward movement of the Upper Siwalik depocenter in the eastern

Potwar Plateau has been documented through changes in sedimentation

rates within magnetostratigraphical ly-dated stratigraphic intervals at

specific sites. Raynolds and Johnson (1 985) interpret a minimum
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southward displacement of the depocenter at a rate of 2 cm/yr, from 3.4 to

073 mybp. Both this rate, and the rate suggested by the progression of the

conglomeratic fades, exceed the rate of movement suggested by amount of

shortening on the SRT, and on faults in the NPDZ, although these eastern

Potwar Plateau rates are still within the range of relative india-Asia

convergence. Regional contour maps of the sedimentation rate data from

Raynolds and Johnson (1 985), along with that from several other sources

(Fig. Dl le-g), does not show significant migration of the depocenter from

3.0 to 0.8 mybp. Possibly, the rates described by Raynolds and Johnson

(1985) are localized instantaneous rates, as the depocenter "leaps" a

distance southward, and that the average rates, taken over a much longer

period of time, might be somewhat lower.

Displacement of the leading edge of the Salt Range detachment also

appears to occur very rapidly in the central and western southern Potwar

Plateau. The distance across the undeformed Soan Syncline from the NPDZ

to the cut-off of the SRT is about 75 km (Fig. 24). Unless deformation in

the NPDZ ended appreciably earlier than suggested in Figure 48, the eadirig

edge of the detachment propagated relatively southward, from the northern

Potwar Plateau, very rapidly in a short period of time (Fig. 49). This rate

appears to represent nearly all the plate convergence rate, while

calculated shortening rates for the SRT, as it overrode its autochthon,

represent only 20-35% of the plate convergence rate (Baker et al., in

review). Possibly, this wide variation in propagation and shortening rates

suggests that deformation in the Pakistan foreland did not progress in a

rigorously sequential, southward manner, Rather, out-of-sequence

deformation and contemporaneous shortening on several faults may have

occurred.
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FIGURE 49, Rate of displacement of the leading edge of the Salt Range
detachment relative to a pin point in the Jhelum Plain at km mark zero
(Figs. 4b and 46). Graph maps the progression of the deformation front, if
the Salt Range detachment is assumed to continue from the Attock Cherat
Range to the Uhelum Plain (Fig. 3). Line through left branch traces the
leading edge of the detachment as initial movement along the MBT is
transferred to first movement along the most southerly fault or faults of
the NPDZ, initiating an overstep sequence. This is the preferred sequence as
discussed in the text. Alternatively, the trace of the line through the right
branch reflects the leading edge of the detachment transferring from
initial movement along the MBT to first movement along the most northerly
faults or faults of the NPDZ. Under either assumption, displacement
transfers quickly from the NPDZ, under the southern Potwar Plateau,
emerging as the SRT (i.e., gives nearly infinite' rate of transfer across the
southern Potwar Plateau). Interpretation of a continuous southward
transfer of deformation is complicated by out-of-sequence thrusting and
protracted faulting in the NPDZ. The deformation front is presently making
the transfer from the Salt Range to the frontal anticlines as a "sled runner"
thrust, propagating at a rate of approximately 1 cm/yr. This value is
comparable to the value obtained for the rate of shortening along the SRT
in the central Salt Range (Baker et al., in review).
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The average plate convergence rate has remained fairly constant

(4.5-5.0 cm/yr), since the collision of Indian and Asia (e.g., LeFort, 1975).

However, the propagation rate of foreland deformation and shortening in

Pakistan has ranged from 0.5 to 3.0 cm/yr, with a trend toward higher

rates toward the present. The rate of deformation appears to be only

partially coupled to the overall plate convergence rate, and may be

influenced by other factors, such as the nature and extent of the

decollement, and passive basement structures. This may lead to periods of

stick-slip movement with rapid shortening during the slip mode, and other

periods of more continuous movement with "average" rates of shortening.



9. CONCLUSIONS

The style and timing of deformation in the western Potwar Plateau

and Salt Range differs from that of the central and eastern areas, making

generalizations dangerous and extrapolations tenuous. Even more striking

is the contrast with the structural and tectonic style in the adjoining

Kohat area to the west, and the Siwalik foothills to the east in India.

Just as a three-way division can be made laterally across the Salt

Range and Potwar Plateau based on structural style, a north-south transect

in the western and central zones can be separated into three structural

regimes. In the south, along the Salt Range, Cambrian to Eocene platform

rocks crop out along the surface expression of the Salt Range detachment.

In the southern Potwar Plateau, the basal decollement passes beneath

several kilometers of conformable molasse section, overlying unfaulted

basement and platform rocks. Farther north, the NPDZ represents an older

zone of deformation, characterized by both folded thrusts and a high-angle

imbricate stack.

From the restoration of C-C, combined with a regional synthesis of

depositional and deformational history (App. E), the following conclusions

are made:

(1). The amount of shortening on the faults of the NPDZ is estimated at 85

km (68), as compared to a minimum shortening estimate of 37 km (49%)

f or the Salt Range area by folding and overthrusting. In contrast, the Soan

Syncline (which is underlain by an evaporite decollement zone) has

undergone very little internal deformation, and its shortening is therefore

slight (1 km, 1%). Considerable additional shortening (90 km, 75%) is
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estimated for the northern portion of C-C from the MBT, across the Attock

Cherat Range, to the Peshawar Basin. The minimum cumulative shortening

of 49% for the western Pakistan foreland, from the northern Jhelum Plain

to the southern edge of the Peshawar Basin, is comparable to values from

other fold and thrust belts, as well as to an estimate given by Coward and

Butler (1 985) for the eastern Potwar Plateau (44%).

(2). Detailed magnetostratigraphic and tephrochronologic dating studies

have not been made in the western Potwar Plateau, but the available

evidence suggests that the timing of thrusting in the western portion of

the NPDZ is not fully compatible with timing information for the eastern

Potwar Plateau. Westward, significant changes in structural style suggest

a protracted deformation interval in the NPDZ, beginning in middle to late

Miocene ( 15-10 mybp). However, structural continuity of the thrust plate

within the central and western Salt Range suggests similar deformational

histories for these adjacent areas. initiation of ramping, and

morphotectonic emergence of the thrust in the central Salt Range, from

2.1-1.6 mybp (Johnson et al., 1986; Burbank et a]., in press; Baker et al., in

review) provides a shortening rate of 09- 1 .4 cm/yr (Baker et a]., in

review), In the western Salt Range, absence of a distinct frontal ramp, and

a more emergent thrust front, suggests some movement on the SRT may

have begun earlier, though the average shortening rate is comparable (1.3

cm/yr). This rate is also comparable to the rate the Indian foreland is

underthrust beneath the Himalaya (1 .0-1 .5 cm/yr; Lyon-Caen and Molnar,

1 985), although it is somewhat less than the rate of progradation of

deformation determined for the eastern Potwar Plateau (2.0-3.0 cm/yr;

Raynolds and Johnson, 1985). To maintain a similar rate of shortening in

the western NPDZ, thrusting may have lasted 7-8 my (possibly 10-2 mybp;
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Le, 85 km in 7-8 my), and movement on faults in the NPDZ may have

overlapped initial deformation in the Salt Range area (possible thrusting in

the western Salt Range, or offset on the basement normal fault in the

central Salt Range, at 5. 1 -4.5 mybp; Burbank et al., in press; Baker et al., in

review; Johnson et al,, 1986). Similarly, periods of deformation and uplift

along the MBT probably overlapped periods of faulting in the NPDZ, and

movement on the SRT. Similar out-of-sequence thrusting and deformation

has been suggested for the structural development of the central and

eastern Potwar Plateau (Burbank and Raynolds, in press), although causal

relationships between the SRT and the MBT, suggested for these areas, may

not be applicable to the western Salt Range and Potwar Plateau.

The basement normal fault, interpreted to control ramping of the basal

detachment in the central Salt Range, can be mapped laterally in the

subsurface for only about 50km, although the Salt Range is over 160 km

long. Different mechanisms, therefore, control frontal fault development in

other parts of the Pakistan foreland. In the eastern Potwar Plateau,

displacement is transferred to the Frontal Thrust which emplaces a

complete Potwar Plateau sequence over a thick, autochthonous section of

the Jhelum Plain, as the SRT is cut of f by the northwest-verging Karangal

Thrust. Along the easternmost margin of the Potwar Plateau, as seen along

B-B, displacement on the basal decollement is transferred to a series of

dual-verging, thrust-cored folds. In the west (C-C), an impinging basement

high" that appears to be a northward protrusion of the Sargodha Ridge

controls ramping.

The Sargodha Ridge has been interpreted as a lithospheric flexure,

coupled with crustal underthrusting in the Himalayas (e.g., Duroy, 1986).

Stratigraphic relationships, however, suggest that some preexisting
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basement highs may have been present on the Indian craton, and have been

accentuated during Himalayan collision and flexure. The Salt Range/Potwar

Plateau allochthon has been transported and rotated independent of uplift

of the Sargodha Ridge, resulting in the late Pliocene-earliest Pleistocene

collision" of the western portion of the allochthon with the Ridge.

In the western SRT ramp zone, imbrication within the thick layer of

Salt Range Fm,, overlying the autochthon, may represent additional

shortening by blind thrusts. Alternatively, the footwall block may have

imbricated during ramping of the SRT. In either case, the imbrication adds

additional northward taper to the shallow ing basement, allowing the SRT

to cut to the surface. Lithologic and facies changes within the Salt Range

Fm. may have also influenced the position of the SRT in the western Salt

Range.

Fault geometry and stratigraphic relationships in the western NPDZ

suggest an overlap sequence of northward-youngirig imbrication which may

have initially ramped over a previously-formed blind thrust, or a basement

uplift. Passive basement tectonics appear responsible for thrust location

and fault geometry elsewhere in the Potwar Plateau. The imbricate style of

faulting in the western NPDZ differs from the linked-roof thrust system

interpreted f or the duplex in the deformed zone of the central Potwar

Plateau (Baker, in prep). Although deformation generally proceeded

southward across the Pakistan foreland, the faulting sequence in the

western NPDZ suggests that deformation within the Salt Range/Potwar

Plateau allochthon did not proceed in a rigorously sequential southward

manner, and that deformation within certain structural zones of the

ailochthon may reverse the southward-younging trend. This is not the same

as out-of-sequence thrusting which suggests that deformation within one
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structural regime of the foreland may temporally coincide, and be causal to

other deformation (often hinterward), of the current site of deformation

(e.g., see Burbank and Raynolds, in press).

(7). Absolute dating constraints on the Kalabagh Fault are lacking, although

evidence of late Quaternary movement (J. McDougall, writ. comm,,1985) is

consistent with similar-aged ( 0.4 mybp) deformation documented along

the Salt Range (Yeats et al., 1984). However, vertical basement offset of

nearly 2 km across the fault, inferred by gravity modeling, suggests that

the fault zone may have been active for 5-6 my since early Pliocerie,

allowing up to two kilometers of molasse to accumulate. Possib'y, vertical

offset is related to older structural lineaments of the Jhelum and Ganges

Plains, associated with the Sargodha Ridge and Aravalli Range. Later right-

lateral movement, and subordinate decollement overthrusting, may be

associated with late Pliocene-Pleistocene movement along the southern

portion of the Salt Range detachment. The gravity models also suggest an

abrupt western termination of the basal detachment of the Potwar Plateau.

This differs from an integral lateral ramp transferring the basal

detachment upsection from the basement interface, and overthrustirig a

thinned western Potwar Plateau sequence onto autochthonous strata of the

Kalabagh Reentrant, as suggested by Butler et al. (in review).

This compilation of surface and subsurface data is a contribution

similar to preparing a geologic field map for a thesis -- a synthesized and

interpreted data base that supports the conclusions presented here, and

also serves as a permanent data base for further work.
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Appendix A: Methodology

Velocity analysis and comøarison of techniaues

Critical in constructing an accurately balanced, restorable cross

section is the iterative use or seismic velocity analysis, well control,

surface geologic control, and gravity modeling, in converting the seismic

time sections into depth models.

None of the wells in the data set (Fig. 7) were accompanied by a

complete check-shot survey, which would have allowed direct correlation

of formation tops in depth, with reflectors in traveltime on the seismic

lines. Therefore, velocity analysis was performed using two different

methods, and the results were compared before depth conversions were

made, and isopachs, structure maps, and cross sections constructed.

In the first method, interval velocities were computed using the Dix

equation (Sheriff, 1984), for those lines that had stacking velocity

information (Fig. Al). The computed interval velocities were plotted

graphically on the seismic lines (e.g., Fig. A2). From these plots it was

possible to compute the depth to the top of reflectors correlated to

specific stratigraphic horizons, as well as to compute the thickness of

specific seismic intervals, corresponding to stratigraphic sequences.

In the second method, sonic curves from a small number of well logs

were analyzed, and a range of rock velocities was obtained for each

formation from the traveltime curves (Fig. A3). For a few formations

(indicated as no data), information is not available, either because none

of the wells penetrated those formations, or the formations were not

logged in any of the wells. Incremental velocities in each formation were

grouped and averaged, and for certain stratigraphic sequences (i.e.,

178



179

Rawalpindi Group, Tr; Upper Paleozoic and Mesozoic rocks, UPM), the

formation velocities were weighted by average formation thickness, and a

composite velocity was calculated for that sequence.

By using each method to compute a depth section from the seismic

lines along C-C (Fig. 4b), it was determined that depths computed using the

"averaged maximum velocity (Fig. A3) of the sonic-derived velocities,

agreed closely with depths computed using the interval velocities. The

results of both methods can be seen by comparing the depth to top of

basement map contoured using interval velocity-derived depths (Fig. DBb),

with the one contoured with values calculated using the sonic-derived

velocities (Fig. D9). Along each cross section, a plot of the depth to top of

basement using each method (Fig. A4), shows that the error in average

basement dip (for A-A' and C-C) is less that 0.4°.

The similarity of these results gave confidence to the velocity

assumptions used in interpreting the seismic data. Some small refinements

were made through this comparison of the velocity data sets, and a final

velocity was assigned to each sequence and formation. These formations

and sequences, their informal stratigraphic codes, and velocities assigned

to each are:
Soan Formation (Qss) 2400 rn/sec
Dhok Pathan Forrnation (Tsd) 2700 rn/sec
Nagri Formation (Tsn) 2860 rn/sec
CNngi Formation (Tsc) 3870 rn/sec
Rawalpindi Group (Tr) 4000 rn/sec
Tertiary (Paleogene) (Tp) 3900 rn/sec
Upper Paleozoic and Mesozoic (UPM) 3550 rn/sec
Cambrian (Jhelum) (Cj) 4230 rn/sec
Salt Range Formation (SRF) 5640 rn/sec

These same velocities were used to convert formation and sequence

tops within wells, and total depths of wells, to two-way traveltime. For
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those lines where the well locations were near stacking velocity positions,

interval velocities were used to convert the depths to time, as this

conversion provided a more accurate tie to the seismic lines.

Gravity Modeling

Gravity modeling required knowledge of the depth of the Moho, and

the depth of isostatic compensation, that were not available from the

seismic data, A refraction profile northeast of the thesis area, along a

transect from the Pam irs, southeastward to the Indus platform (Finetti et

al., 1979), and estimates of crustal thickness beneath the Ganges Plain

(Choudhury, 1975; Kaila, 1982), were used to constrain values employed in

the modeling. Control on the dip of the top of the mantle was obtained from

the least square fit to the top of basement depths determined through

depth conversion of the seismic lines (Fig. A4). For gravity profiles along

strike (i.e., D-D', Fig. 31; G-G', H-H', Fig. 32), the dip of the mantle was tied

to the dip cross sections using an apparent dip formula (Suppe, 1985). The

assumption is made that, from the Sargodha Ridge to the MMT, the dip of

the mantle closely approximates the dip of the basement (Lyon-Caen and

Molnar, 1985; Duroy, 1986). The crystalline part of the crust does not begin

to substantially thicken until under the Pamir Arc, as indicated by

refraction data (Finetti et al., 1979; Kaila, 1981; Lyon-Caen andMolnar,

1 983). Depth of compensation for the models is assumed to be 1 00 km

(Duroy, 1 986). This is the depth of the base of the polygon that represents

the mantle in the gravity models, although it cannot be seen in any of the

figures.
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Densities for the sedimentary strata were determined using

Gardners relationship, which is empirical, and states that the density is

proportional to the one-fourth power of the compressional wave velocity Of

tre rock or sediments (Sheriff, 1984). Both the interval velocities and the

sonic-derived velocities were used to determine average densities for: (1)

the Salt Range Fm,, (2) the platform rocks, and (3) the molasse. The range

of derived values for each of these sequences is only t. 0. 1 5 gm/cm 3, and

because the velocities were cross-checked, densities were fixed, and not

considered a variable in the modeling (Fig. A5). Density for the basement is

from Smithson (1 971) and Farah et al. (1 977). Density contrasts of the

sedimentary rocks were assigned relative to a 2.70 gm/cm 3 value of the

upper crust. Density contrast for the mantle was assumed to represent a

contrast of 0.45-0.55 with the lower crust (Lyon-Caen and Molnar, 1 985).

All density assumptions are comparable to those used by Duroy (1986).

In two-dimensional gravity modeling (Taiwani et al., 1959),

computed using interactive IBM PC software (Uhi et al., 1985), the

calculated curve always plots above the observed curve because of the

assumption of the depth of compensation. Adding an integer shift to the

observed values, so that the curves overlap, in effect makes an isostatic

correction to the observed Bouguer curve, The amount of this shift was

determined by matching the curves at the zero km point (on C-C), near the

basement exposures of Sargodha Ridge, where only the gravity effect due to

the mantle was calculated. At a sea level datum, there are no sediments

overlying the basement, so the mantle effect is the total contribution to

the observed Bouguer anomaly at that point. The correction value

determined was approximately 1008 10 mgals, similar to the 1150 mgal

value used by Duroy (1986) for modeling along F-F (Fig. 2).
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FIGURE A2. Example of analysis of seismic interval velocities converted
from stacking velocities. Example line is SR-55 (see Fig. 4b for location),
used in construction of C-C. The numbers above the seismic line are the
two-way travel time in msec, on the left, and the stacking velocity in
rn/sec on the right. The vertical resolution of the Interval velocities
depends on the coherency of the seismic reflectors. The moderate
resolution of this line shows the Increase in velocity with depth, and the
generally slow velocities of the molasse sequence, as compared to the
platform section and Salt Range Fm.
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FIGURE A3. Plot or average thickness of formations (after Gee, 1980),
versus velocities derived from sonic logs. Logs used include two wells
from the Multan area (Marot and Bahawalpur), two from the northern
Jhelum Plain (Warnali and Lilla), and the Dhadhumbar well from the
western Potwar Plateau (see Figs. 7 and 16 for locations). Note that
although the Eocene-Paleocene sequence is a high-impedence interval on
the seismic lines (Appendix B), most of these formations do not have
appreciably higher velocities than the overlying molasse. Averaged
velocities were assigned to each of the formations within the Siwalik
Group, and to the Salt Range Fm. Composite average velocities were
determined f or the formations within the bracketed sequences (Tr =
Tertiary-Rawalpindi Gp., Tp = Tertiary-Paleogene, UPM = Upper Paleozoic
and Mesozoic, Cl = Cambrian-Jhelum Go.)
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FIGURE A4. Graph of depth to top of basement versus distance along
respective cross sections, using different methods of time to depth
conversion. See Figure 4 for location of cross sections. The "stacking
velocity" data points are taken from the depth to top of basement map
contoured on depth values obtained using interval velocities, determined
from stacking velocities (Fig. D8b). The 'time-depth' data points were
taken from the depth to top of basement map contoured on depth values
obtained using sonic-derived velocities (i.e., time to depth conversion; Fig.
D9). For A-A, the "cross-section" data points were taken from the original
depth section compiled by Lillie et al. (in press), since modified by Baker
(in prep.). Only a time-depth plot is given for B-B due to the absence of
seismic lines with stacking velocity data in the eastern Potwar Plateau
(Fig. Al). For D-D', the disparity in the two best fit lines is probably due to
difficulty in depth conversion of the seismic interval corresponding to the
massive evaporite sequence, and the poor results obtained from interval
velocity calculations for the chaotic reflectors.
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Appendix B: Seismic reflection lines

All the seismic lines shown in Figure 4 were interpreted by myself

and Dan Baker, and then used in construction of the maps and isopachs in

Appendix D. Only those lines used to construct cross section c-c, are shown

in this Appendix. For reasons discussed in the text, line SR-56 is not

illustrated here. These figures are 50% reductions of the full-scale

versions actually used in the structural and stratigraphic interpretations,

Therefore, the resolution of the seismic reflectors is not as good as the

original sections. However, most of' the salient points discussed in the text

are discernable on these lines, and the lines can be directly compared to

respective portions of C-C, mentioned in each caption.

On the each of' the seismic lines in the complete data set (Fig. 4),

topography was plotted using the correction velocity, or using topographic

maps, when elevation statics information was not provided with the line.

The correction velocity was also used to plot mean sea level (MSL) relative

to the statics datum on each line. Well locations that were intersected by

lines, or were within a reasonable distance on strike (5-10 km) of each

line, were plotted, caution was used in projecting stratigraphic

information from distant wells, and those near faults.

To facilitate interpretation of' the lines, only those formations that

had a distinctive seismic character, or appreciable thickness (1 000-2000

m), were plotted as individual formations on the seismic lines. These

included the Salt Range Fm. and the molasse formations. One compromise

was to include the thin Kamlial Fm. with the much thicker Murree Fm. under

the Rawalpindi' heading. Individual platform formations are thin (<200 m;
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Fig. A3), so they were grouped into larger stratigraphic sequences defined

by the three major unconformities in the sedimentary section (Fig. DlO). It

was thought that seismic evidence of these unconlormities might be useful

in interpreting structural history. However, except for the recognition of

the seismic character of the Salt Range Fm., seismic stratigraphic analysis

techniques (i.e., Mitchum et al., 1977) were not found to be applicable. The

definition of nine formations and sequences (Fig. A3, i.e., Tsn, Tr, UPM, etc.)

provided sufficient vertical resolution for accurate correlation of seismic

reflectors to surface outcrops and structures, mapped faults, and well

tops.

The seismic intervals corresponding to these formations and

sequences were interpreted on the full-scale seismic lines. Because of the

reduced size of the lines in this Appendix, only major subdivisions of the

sedimentary sequence are indicated, although all the large faults are

shown.
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FIGURE 81. Southern portion of seismic line KK-28 from OGDC. See Figure
4b for location, and portion of section C-C (Fig. 24; km mark 60-80),
which corresponds approximately to this line. Note where the southerly
basement normal fault (e.g., A-A, Fig. 35) should appear, if it continued
along strike to the western Salt Range (see Fig. 13b). Instead, a basement
monocline is observed on the seismic line. Reflectors defining the extent of
the autochthon are not evident on the line, and its presence and geometry is
suggested by gravity modeling, and correlation to seismic lines on strike,
The approximate projection of the portion of line SR-56 (Fig. 29) is shown,
and this zone on KK-28, as on SR-56, does correspond to a steepened north
flank of the Salt Range, in contrast to the broad, flat expanse of platform
strata in the Salt Range itself (i.e, Fig. 25).

LINE PARAMETERS
Migrated: no
Prospect: Kalar Kahar
Shot and recorded by: Petty Ray Geophysical Corp., Karachi
Date shot: 1 98 1

Source: dynamite
Sample Rate: 4 msec
Stack: 2400%
Elevation correction

Statics datum: 800 m
Correction velocity: 2348 rn/sec

Topography and mean sea level are plotted relative to the statics datum
using the correction velocity.
Length: (entire line) 47.0 km

uninterpreted
interpreted
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FIGURE B2. Northern portion of seismic line KK-28 from OGDC. See Figure
4b for location, and portion of section C-C' (Fig. 24; km mark 80-105),
which corresponds approximately to this line. Acquisition and processing
parameters are the same as for Figure 81. When tied to the north end of
Figure 81, this line shows the transition from the overthrusting and folding
in the Salt Range to the undeformed, passively-transported strata of the
southern Potwar Plateau. The parallel seismic reflectors within the
molasse, and their conformity with the Eocene reflector, suggest that the
southern Potwar Plateau was transported coherently up the basement
monocline after the molasse was deposited. As each portion of the Plateau
section reached the footwall cut-off of the autochthon, it was uplifted by
structural thickening within the strata of the Jhelum Plain, or within the
Salt Range Fm (i,e, imbrication inferred from SR-56 in Figure 29).

uninterpreted
interpreted
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FIGURE B3. Seismic line SR-55 from OGDC. See Figure 4b for location, and
portion of section C-C' (Fig. 24; km mark 105-125), which corresponds
approximately to this line. This line shows the south limb and axis of the
Soan Syncline. Note the "layer-cake" character of the seismic reflectors
within the molasse interval, indicating that sedimentation maintained pace
with subsidence during the entire period of molasse deposition. Note also
the unfaulted and unfolded platform sequence, and that the Salt Range Fm.
thins into the axis of the syncline.

LINE PARAMETERS
Migrated: yes
Prospect: Salt Range
Shot and recorded by: Petty Ray Geophysical Corp., Karachi
Date shot: 1 982

Source: dynamite
Sample Rate: 4 msec
Stack: 2400%
Elevation correction

Statics datum: 350 m
Correction velocity: 2348 m/sec

Topography and mean sea level are plotted relative to the statics datum
using the correction velocity.
Length: 30.9 km

uninterpreted
interpreted
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FIGURE B4. Seismic line AW-15-AB from Amoco Pakistan Exploration Co.,
Ltd. See Figure 4b for location, and portion of section C-C (Fig. 24; km
mark 130-145), which corresponds approximately to this line. This line
lies north of the axis of the Soan Syncline, and shows the continuation of
the undisturbed sedimentary sequence overlying unfaulted basement.
Although the detachment is interpreted to continue northward within the
Salt Range Fm., note the increased coherency and continuity of reflectors in
this interval on the seismic line, possibly indicating a fades change to
increasing anhydrite and gypsum. This fades change may become more
complete farther north, increasing shear resistance along the decollement,
and thus more deformation above the decollement.

LINE PARAMETERS
Migrated: no
Prospect: North Potwar
Shot and recorded by: Petty Ray Geophysical Corp., Karachi
Date shot: 1977-78
Source: Vibroseis

8-32 Hz upsweep
6 sec sweep
1 4 sec duration

Sample Rate: 4 msec
Stack: 2400%
Elevation correction

Statics datum: 335 m
Correction velocity: 2348 m/sec

Topography and mean sea level are plotted relative to the statics datum
using the correction velocity.
Length: 11 .3 km

uninterpreted
interpreted



ties to southern end of
DI-11 with 1 km gap
along strike

0

KM

T opogrophy\

FIGURE B4a

FIGURE 04 Continued

ties to north
endofSR-55 5across 5 km gap

0
MSL



ties to southern end of
DI-il with 1 km gap
along strike

0

KM

Top o g rü ph

FIGURE B4b

FIGURE 84 Continued

ties to north
end of SR-55
across 5 km gap

0
MSL

1'%)0

... g.... rur' -

Range_Formtion'



204

FIGURE B5. Seismic line DI-1 1 from OGDC. See Figure 4b for location, and
portion of section C-C (Fig. 24; km mark 1 45- 1 55), which corresponds
approximately to this line. This line shows the southernmost deformation
within the NPDZ, as the platform rocks are folded and overthrust by the
first low-angle folded fault, and high-angle faults farther north cut the
molasse section, There is no well-developed northern limb of the Soan
Syncline, as the depocenter in the western Potwar Plateau was very broad,
and before shortening, the axis probably lie over 270 km from the southern
end of C-C (Fig. E 1). What southward dip that may have existed has been
destroyed by the faulting. In contrast, in the eastern Potwar Plateau, the
depocenter was narrower and the northern limb of the Soan Syncline was
strongly folded and accentuated by late Pliocene deformation. Note that the
detachment is inferred to continue beneath the deformed platform and
molasse rocks, as this entire interval was carried southward when the
leading edge of the detachment passed beneath the Soan Syncline and cut
upsection as the SRT. The basement reflector is difficult to resolve
towards the north end of the line, but the disturbed zone at the toe of the
folded faults corresponds to position of the basement uplift or fault
interpreted from the gravity model along C-C (Fig. 27, km mark 150).

LINE PARAMETERS
Migrated: no
Prospect: Dahkni
Shot and recorded by: OGDC
Date shot: 1 982
Source: dynamite
Sample Rate: 2 msec
Stack: 2400%
Elevation correction

Statics datum: 500 m
Correction velocity: 3000 rn/sec

Topography and mean sea level are plotted relative to the statics datum
using the correction velocity.
Length: 22.5 km

uninterpreted
interpreted
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FIGURE B6. Seismic line AW-15-l< from Amoco Pakistan Exploration Co.,
Ltd. See Figure 4b for location, and portion of section C-C (Fig. 24; km
mark 155-180), which corresponds approximately to this line. This line
shows the core of the NPDZ as the high-angle imbricate faults ramp over
the low-angle folded faults. As with line DI-1 1, the basement reflector is
not well-defined, but there does not appear to be any involvement of
basement in the faulting; rather the faults appear to merge with the basal
decollement. The high-angle faults are tied to major fault traces mapped at
the surface, although more blind imbricates may be present. This is
particularly true north of the Khauri Murat Fault, where an unknown
thickness of alluvium covers the surface north to the MBT zone.

LINE PARAMETERS
Migrated: no
Prospect: Salt Range
Shot and recorded by: Petty Ray Geophysical Corp., Karachi
Date shot: 1 982
Source: dynamite
Sample Rate: 4 msec
Stack: 2400%
Elevation correction

Statics datum: 800 m
Correction velocity: 2348 rn/sec

Topography and mean sea level are plotted relative to the statics datum
using the correction velocity.
Length: 30.4 km

uninterpreted
interpreted
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Appendix C: Restored portions of C-C'

Construction of a viable balanced, and restorable cross section

requires additional strain data, unless plane strain is assumed. Plane

strain is a reasonable assumption for most cross sections of folded and

thrusted strata (Hossack, 1979; Elliott, 1983), including C-C', as detailed

strain data are not available. However, shearing and out-of-plane

movement, within the Salt Range Fm. presents unresolvable volumetric

strain, Therefore, only the sedimentary section above the evaporites was

restored in the palinspastic reconstruction of C-C' (Fig. 46).

Detailed restorations were made for the Salt Range (Fig. Cla,b) and

NPDZ portions (Fig. C2a-g) of C-C', which were then linked together with a

simple restoration of the southern Potwar Plateau and Soan Syncline, in

Figure 46. Cross section C-D (Fig. 25) was restored to its original

undeformed position to demonstrate shortening in the Salt Range area in

Figure Cl. No kinematic mechanisms or evolutionary development is

suggested. In Figure C2, by comparison, faulting and deformation is

demonstrated in an evolutionary context, where shortening occurred on

sequential faults contemporaneous with molasse deposition. The age of the

preserved section in each of the fault blocks was used as a guide to the

molasse interval present during each faulting event. This information was

combined with thickness data from isopachs (Fig. Dla-d), and

sedimentation rate data (Fig. Dl lh,i), to draw a series of hypothetical

sections suggesting amount of shortening and erosion through time. Thus, a

completely palinspastically restored model of the NPDZ is not shown in

Figure C2, but can be seen in Figure 46 ( km marks 180-320).

210



, , , / / / 
///1 / //// / 

(((C C C 

C C C C C C 
C C C CCC 

1I U----- ------U U------ 

LEGEND

Quaterner alluvium
end Kelebegh Cong.

Negri Formation (Tsn)

Chinji Formation (Tsc)

Rewalpindi Group (Tr)

Peleogene units

Upper Peleozoic end
Mesozoic units

Jhelum Group

Salt Range
Formation

easement

211

FIGURE Cl. Restorations of cross section C-D across Salt Range (Fig. 25,
and location given in Figs. 'lb and 18).
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FIGURE Cib. Restoration showing possible extent of erosion of toe of thrust
plate, and pre-thrusting stratigraphic thinning of certain sequences from
Salt Range to Sargodha Ridge. Dashed lines indicate section inferred lost to
erosion. In middle and bottom panels, top of basement is arbitrarily rotated
to align autochthon and leading edge of thrust. Again the Salt Range Fm. is
restored to average thickness. Suggestions as to the mechanism of salt
distribution and deformation during thrusting are shown in evolutionary
diagrams (App. E). If approximately 10km of length was removed from the
toe of the thrust, a "better" correlation can be made between the present
stratigraphic sequence and thicknesses in the Salt Range, and the
stratigraphically-truncated and thinned interval inferred to be present in
the Jhelum Plain. Erosion of a signincant portion of the toe of the SRT
since thrusting (Butler et al,, in press), emphasizes that the 213 km of
shortening along C-C (Fig. 47) is a minimum estimate. This figure also
suggests that the Sargodha Ridge may have been present and stationary,
relative to the SRT, possibly since middle to late Miocene. This would
allow sufficient time to remove 1-1.5 km of platform strata, and to
either remove, or prevent the deposition of, 1 km of Rawalpindi molasse.
Subcrop maps on the three major unconformity surfaces in the Potwar
Plateau stratigraphic record (Fig. D10) demonstrate that these surfaces
merge south of the Salt Range on the flank of the Sargodha Ridge. The
youngest (a) pinches out the Rawalpindi Group, the Eocene-Paleocene
section is truncated by (b), and the oldest unconformity surface (c) pinches
out all or most of the Upper Paleozoic and Mesozoic interval, as suggested
by only Cambrian strata in wells south of the Salt Range.
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FIGURE C2. Sequential restoration of faults in imbricate fault zone of
northern Potwar Plateau (NPDZ; Fig. 26). Unshaded area in top panel of each
diagram represents the geometry of the present fault block, restored to
original depositional position prior to thrusting. Heavy dashed line is
projection of the fault tip as it will propagate to its present topographic
surface position as faulting proceeds, Bottom panel in each diagram
represents geometry after thrusting, with amount of shortening indicated.
Dashed lines above the post-thrusting topographic surface indicate section
eroded during thrusting. The distance in kilometers beneath each figure
corresponds to positions along C-C (Figs. 24 and 26), successively
extended northward, as each fault block is moved into its final deformed
postion. The sequence of restorations is:

Folded Fault 1
Folded Fault 2

(c), Kharpa Fault
Kanet Fault
Mianwali Fault
Khauri Murat Fault
Chorlaki Fault
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164 160 156 152 148 144
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FIGURE C2a. First Folded Fault. The Initial faulting event in the NPDZ,
possibly In middle to late Miocene time ( 15-10 mybp), occurs as the first
Folded Fault thrusts over flat-lying platform rocks In the axis of the
developing Soan Syncline. This faulting event is inferred to have occurred
during, or Immediately following, the deposition of the Rawalpindi
molasse, although the relationship of sedimentation contemporaneous with
uplift along the fault is complex. Note that a thin section of Salt Range Fm.
is Interpreted within this fault block, as suggested by a shallow interval of
this formation in the Dhurnal wells, on trend (see Fig. 7). However,
northward, the Salt Range Fm. Is interpreted to thin.
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FIGURE C2b. Second Folded Fault. Ramping of the second low-angle fault,
onto the first Folded Fault, results in significant removal and erosion of
molasse section. The rapid sedimentation rate in the western Potwar
Plateau from 10-8 mybp (Fig. Dl lh,i) suggests that not all of the uplifted
section was removed by erosion, and that there may have been some
topographic relief when basal Siwalik molasse was deposited. This figure
also shows two small imbricate faults that developed contemporaneously,
or subsequently, to the second Folded Fault. There is no seismic evidence
for these faults; there existence is necessary to maintain bed-length
balance with shortening of the shallower molasse section by the Kharpa
Fault (Fig. C2c).
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FIGURE C2c. The Kharpa Fault is the first high-angle Imbricate fault, and
cuts upsection from within the upper Rawalpindi molasse prior to the
deposition of the Dhok Pathan Fm., preserving Chinji and Nagri strata in the
hangingwall. The fault plane eventually cuts downsection to the north,
merging with the basal detachment, Note that the amount of shortening
within the molasse section on the Kharpa Fault (9.3 km) is balanced by
shortening of the platform section on the two small imbricate faults (5.5
3.8 km). FIGURE C2 Continued
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FtGURE C2d. The Kanet Fault cuts through the hanglngwall or the underlying
Kharpa Fault, accentuating the folding of the underlying low-angle faults,
and the unfaulted platform rocks, thus accentuating the northern limb of
the MeyaI Anticline. Due to the large amount of shortening on this fault, 6-
8 kilometers of molasse were eroded during uplift, with only a small sliver
of Chinji Fm. preserved in the hangingwall.
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FIGURE C2e. Only a small amount of shortening occurs on the Mianwall
Fault, although by this time molasse depositton in the northern Potwar
Plateau is assumed to have ended. The Ilianwall Fault plane imbricates
from the underlying Kanet Fault, demonstrating the chaotic fault geometry
Indicative of overstep or back-break faulting.
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FIGURE C2g. Seismic evidence o the Chorlaki Fault is poor, but it is shown
to have an amount of displacement comparable to the Khauri Murat Fault.
This would be consistent with increasing displacement as the the MET is
approached. This fault has been mapped within a 25 km wide zone of
molasse and alluvium (Figs. 5 and 13b), that is bounded by the Khauri Murat
Fault on the south, and the MET on the north. Blind thrusts beneath the
surface cover may account for substantial shortening that is not
constrained by seismic control.
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Appendix D: lsopachs and structure maps

Isopach maps of the molasse and platform formations (Fig. Dla-i)

were constructed from well tops and measured sections, with no seismic

data used. Some wells in the Potwar Plateau and Salt Range (Fig. 7) have

penetrated the Salt Range Fm., but only the Dhariala well in the central

Salt Range drilled deep enough to prove the vast thickness that exists

under portions of the Salt Range (Fig. 17). No wells in the Salt Range

penetrate below the detachment surface interpreted at the base of the Salt

Range Fm., into the autochthonous units of the Jhelum Plain, The only wells

to penetrate top of basement are those in the Jhelum and Ganges Plains.

The Warnali well (Figs. 7 and 17)is the one nearest the Salt Range, though

wells south of the Sargodha Ridge, in the Multan area, also penetrate top of

basement (Fig. lôa).

Because of this limited well control on the thickness and extent of

the Salt Range Fm., and the autochthon; and limited constraints on the

geometry and depth of the top of basement, seismic data was used to

constrain these parameters. The stratigraphic sequences described in

Appendix B were "tied" around the seismic lines, using line intersections

and lateral projections across strike gaps. The sequences were interpreted

on all lines, except for those in the highly deformed areas of the NPDZ. The

tops of the respective seismic sequences were converted to depth using a

BASIC program on a Macintosh PC, employing the velocities described in

Appendix A. Simultaneously, sequence thicknesses were determined. From

these values, seismic isopachs of the Salt Range Fm. were made (Figs. Dlj-

m, D2), as well as a top of basement structure map (Fig. D9). With this
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same data set, a structure map on top of the prominent Eocene reflector

was made (Fig. D7), as well as cumulative thickness maps of the molasse

(Fig. D3), and the autochthon beneath the frontal thrusts of the Salt Range

(Fig. D4). Depth and thickness data from gravity models was used to infill

where seismic data was lacking, particularly in the Kalabagh Reentrant

(i.e., profiles G-G and H-H; Figs. 4a and 5a). in the Jhelum Plain,

proprietary seismic lines and maps were used to extend structure and

isopach maps south of the Salt Range. Key wells were used in a few areas,

(i.e., the basement map was tied to the Warnali well), but for the most

part, the seismic isopachs and structure maps were contoured

independently of well information.

This Appendix includes other maps that were compiled from seismic

data in the Bannu Basin (Figs. D5 and D6), subcrop maps compiled from well

control and measured sections (Fig. D1O), and a series of basemaps

summarizing the major quantitative results of magnetostratigraphic

studies (Fig. Dli).
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FIGURE Dl. Series of isopachs compiled from thickness data derived from
well tops, measured sections, seismic interval thicknesses, and gravity
models. Although thickness information is not comparable in accuracy or
areal extent, combining all available methods allowed the entire
stratigraphic interval to be shown in comparative isopachs. The formations
and sequences illustrated in Figures Dla-m are the same intervals
discussed Appendix A, and the same used to interpet the full-scale seismic
lines (App. B). The only exception is that no isopach for the Soan Fm, (Upper
Siwauiks) is shown here, as there is neither sufficient well nor seismic
control to define its thickness. This formation is poorly defined because of
time-transgressive relationships (i. e., Fig. 20), and though present in the
eastern Potwar Plateau (Fig. 5b), wells are drilled on anticlines where this
formation is present. Similarly, Dhok Pathan and Nagri section is not
indicated in the eastern Potwar Plateau (Figs. Dla,b), as drillholes are not
located in synclines where these formations are present. The sequence of
isopachs s:

Tertiary Siwalik Dhok Pathan Fm.
Tertiary Siwalik Nagri Fm.
Tertiary Siwalik Chinji Fm.
Tertiary Rawalpindi Group
Paleocene rocks with clastic ratios (Kohat-Bannu basemap)
Paleocene rocks with clastic ratios (Potwar-Salt Range basemap)
Paleocene and Eocene Makarwal and Chharat Groups
Permian and Mesozoic Surghar, Musa Khel, Zaluch and Nilawahan Groups

(1). Lower Cambrian Jhelum Group
Eocambrian Salt Range Fm., in allochthon (Kohat-Bannu basemap)
Eocambrian Salt Range Fm., in allochthon (Potwar-Salt Range basemap)

(1). Eocambrian Salt Range Fm., in autochthon (Kohat-Banriu basemap)
(m). Eocambrian Salt Range Fm.,in autochthon (Potwar-Salt Range basemap)
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FIGURE Dl. Seismic Isopach of Eocambrlan Salt Range Fm. In autochthon.

(1) Kohat-Bannu basemap, (m) Potwar-Salt Range basemap

FIGURE Dl Continued



236

FIGURE D2. Cumulative thickness isopach of Eocambrian Salt Range Fm. This
shows the total thickness of this formation above basement, and the limits
(dashed lines) assumed in determining average thickness of this formation
over the area. This average thickness (09-1.1 km) was used in the
restoration of C-C (Figs. 46 and C 1). The present thickness of this
formation in front of the Salt Range is thin, and was not included in the
calculation due to its small contribution.

Kohat-Bannu basemap
Potwar-Salt Range basemap
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FIGURE D3. Seismic lsopach or total molasse sequence (both Slwallk and
Rawalpindi Gps). Does not include thickness in footwall autochthon north of
SRT and Frontal Thrust (FT). This map does not directly correspond to the
sum total of the individual molasse formation and group isopachs in Figure
D2. Those maps were constructed from well control, and this map is
dependent on assumptions about velocity of molasse units.

Kohat-Bannu basemap
Potwar-Salt Range basemap.
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FIGURE D4. Seismic isopach map of total sedimentary thickness within the
autochthon beneath the SRT and Frontal Thrust (FT). (a) Kohat-Bannu
basemap, (b) Potwar-Salt Range basemap, The cut-off for the autochthon in
the central Salt Range is clearly defined by the normal fault. The dashed
line projected westward suggests the northern limit of the autochthon in
the western Potwar Plateau. In the eastern Potwar Plateau, the northwest
limit of the autochthon is defined by the intersection of the high-angle
Karangal and Domeli Thrusts with the surface. Farther east, the thickness
of the autochthon encompasses the entire section above basement as the
low-angle Frontal Thrust is replaced by high-angle thrusts, such as the
Rhotas and Mahesian Thrusts (Figs. 44 and 45), that do not have extensive,
well-defined subthrusts.
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FIGURE D5. Seismic isopach map of total molasse in Bannu Basin and
Kalabagh Reentrant. Contours are expressed as two-way travel time due to
absence of sufficient velocity control west of Potwar Plateau. Contours in
Kalabagh Reentrant from ORT (1 g50). The northward dip of the base of the
molasse in the Kalabagh Reentrant is consistent with the thick molasse
sequence inferred through gravity models (Figs. 31 and 32), and shown in
the isopach shown in Figure D3.

FIGURE D6. Structure contour map of Bannu Basin. Contours in two-way
travel time (sec) due to insufficient velocity control west of Potwar
Plateau, Mapped horizon is apparently within upper Paleozoic rocks, but
seismic data cannot be tied directly to well control.

22
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FIGURE D7. Structure contour map at top of Eocene seismic reflector.
Footwall contours are not shown where hidden by overthrusting. The map is
hung from the top of the Eocene, rather than from sea level, to emphasize
the westward termination of the normal fault, indicated by the diverging
contours, Where Eocene strata is known to be absent (i.e., in the Jhelum
P'ain), map reflects the surface of the youngest platform rocks (Cambrian
in front of the central 5alt Range). Map stops at southern limit of NPDZ due
to duplicated section, and inability to make accurate depth conversions. In
contrast to the western Potwar Plateau, the structural complexity of the
eastern Potwar Plateau reflects en echelon folding, and northeast-striking
ciigitate ridges.

Kohat-Bannu basemap
Potwar-Salt Range basemap
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FIGURE D8. Depth to top of basement structure maps of Potwar Plateau and Salt Range.
Structural formilne contoured in time using seismic lines in Figure 4b. The irregular contours

reflect reflector "pufl-ups' due to variations In the thickness of the high velocity basal evaporite
sequence.

Depth map using interval velocities calculated from stacking velocity functions using seismic
lines in Figure Al.
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Figure DlO. Subcrop maps based on well tops and measured sections from
the Potwar-Salt Range basemap, illustrating the geometry and
stratigraphic relationships of the major unconformities with the
stratigraphic section of the Potwar Plateau and Jhelum Plain (Fig. ii). The
preservation of younger Cambrian strata in the center of the map (Fig.
DlOa) suggests that post-Cambrian uplift, and erosion, was due to
localized epeirogenic events, and not regional tilting, as is the case with
unconformity on top of the Mesozoic strata (Fig DlO b). This middle
unconformity surface (Fig. DiOb) cuts progressively older section toward
the east. The trend of the contours suggests a northwest-oriented
Pakistani continental shelf, at the beginning of collision in earliest Eocene
time (Yeats and Hussain, in press). Downbending of the lithosphere
preserved younger section to the west, while older strata to the east was
uplifted and eroded. In Figure DIOc, the preservation of younger Eocene
strata in the northwest portion of the map, beneath the unconformity
surface, reflects the geometry of the Eocene foredeep. Eocene rocks were
subsequently eroded during the Oligocene, as the foreland was uplifted by
regional flexural warping in front of southward-verging intracontinerital
thrusts in the High Himalaya. The geometry of the erosional surface is
inconsistent with the Potwar Plateau area being progressively uplifted
over a distinct bulge that migrated southward at a constant distance
relative to the High Himalaya. Probably not until the Miocene did the
fiexure assume its present ant iclinal "bulge" shape represented by the
Sargodha Ridge. Rather, the intersection of this unconformity surface with
the two older surfaces (Fig, Di Oa,b) in the Jhelum Plain, indicated by the
Lilla (Jut) and Warnali (Kus) wells, emphasizes the missing section on the
flank of the Sargodha Ridge (see also Fig. Clb). This suggests that the
Sargodha Ridge was a prominent structural culmination probably since
middle to late Miocene, allowing erosion and/or non-deposition of platform
rocks and Rawalpindi molasse.
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Figure Dli. Temporal summary of uplift rates, fades progression rates and
sedimentation rates from Peshawar Basin, Potwar Plateau, and Kashmir
Basin, inferred primarily from magnetostratigraphic studies. This sequence
of figures shows that the emphasis of these studies has been in the eastern
and central Potwar Plateau. Compilation allows comparison of results of
many workers, particularly that concerning sedimentation rates.
Depositional front progression arrows, off the northwest corner of the
basemap, represent information from the southern margin of the Peshawar
Basin. Likewise, uplift and sedimentation rate symbols (X and.,
respectively), of f the northeast edge of the basemap, represent information
from the west flank of the Kashmir Basin. The sequence of the diagrams is:

present to 0.2 mybp
0.2 to 0.4 mybp

(C) 0.4 to 0.6 mybp
0.6 to 0.8 mybp
0.8 to 1 .0 mybp
1.0 to 2.0 mybp
2.0 to 3.0 mybp
8.0 to 9.0 mybp
9.0 to 10.0 mybp

Sources for respective diagrams are:
Barndt et al. (1978)-i
Behrensmeyer and Tauxe (1 982) - h
Burbank and Johnson (1 982b) - a,b,c,d,e,g
Burbank and Tahirkheli (1985) - a,b,c,d,e,f,g
Johnson et al. (1979)- c,g
Johnson et al. (1982)-i
Johnson eta). (1985)- f.,g,h,i
Johnson et al. (1986)- a,b,f
Keller et al. (1977) -a,b,d
Opdyke et al. (1979)- g
Raynolds (1 980) - f,g
Raynolds and Johnson (1 985) - e,f,g
Sharma (1 984) - a,b,c,d,e,t'
Visser and Johnson (1978) - g
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Appendix E: Three dimensional evolutionary diagrams

This Appendix contains a sequence of evolutionary block diagrams

illustrating the development of structure and stratigraphy from the

western Potwar Plateau arid Salt Range, across the foreland, to the

Kashmir Basin. The edge of the diagrams towards the viewer approximates

C-C (Fig. 24), with north to the left. The zero km mark is the pin point in

the Jhelum Plain used to restore the cross section in Figure 46. The pin

point represents a stationary frame of reference f or amount of shortening,

although the sedimentary section is actually being folded and thrusted onto

itself above a 'conveyor belt" basement moving relatively northward. The

appearance of the cross section north of MMT is from Duroy (1 986). Several

literature sources were used, in conjunction with this thesis research to

develop the evolutionary diagrams. Figures a,b,c,f arid t were drawn

primarily from general reading and literature research. The main sources

for respective diagrams include:
Behrensmeyer and Tauxe (1 982)-j
Burbank (1 983)-g,h,i,j,n,o,p,q,r
Burbank and Johnson (1 982)-o,p
Burbank and Raynolds (1 984)-n,o,p,q,s
Burbank and Tahirkheli (1 985)-n,p,q,r,s
Burbank and Raynolds (in press)-n,o,q
Burbank et al, (1986)-p,s
Burbank et al. (in press)-p,q,s
Johnson et al. (1985)-k,1,m,n,o,p
Johnson et al. (1986)-i,j,k,l,mn,o,p,q,s
Keller et al. (1977)-s
Nb and Hussain (1 984)-r
Opdyke et al. (1979)-i
Raynolds (1 980)-o,q
Raynolds et al. (1 980)-p
Raynolds and Johnson (1 985)-n,o,p,q,r,s
Wells (1984)-d,e
Yeats and Hussain (in press)-c,d
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FIGURE E 1a. Eocambrian-During the late Precambrian and earliest Cambrian, the area now
represented by the Potwer Plateau was the site of evaporite deposition. The purest evaporites
were deposited in the region now represented by the Salt Range, while southward, carbonates and
mixed clastics were also deposited (Fig. 1 9). Extensive telescoping of the northern area in
Tertiary time has destrWed the northern edge of the basin margin, but its or1g1fl8 extent my
have been limited.
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FIGURE El b. End of Cambrian-Shallow-marine clastic end carbonate deposition follows, possibly
deposited in a circularly defined basin, as suggested by the subcrop map (Fig. Dli a). Coeval
units, now exposed to the north, include metamorphosed phyllites, argillites and quartzites
reflecting their original deep burial, and exhumation along the MBT. An extensive period of
erosion and non-deposition continues from the end of Cambrian till Perm ion time.

FIGURE El Continued

261



74..
74°1 5

74°O
73045

73°30
73°1 5

73°OO
720

450 400 350 300 250 200 150

Kilometers

FIGURE E ic, End of Mesozoic-Deposition of marine and non-marine rocks during the late
Paleo2oic and Mesozoic ends, and the units are truncated by a regional northasst-trending
unconformity, possibly reflecting the Initial collision of a northwest-facing passive margin with
the Kohistan arc (Fig. Dl Ob). Correlation to rocks In the present-day Peshawor Basin is
tenuous, though Silurian and Devonian units represent a more complete shelf margin section
cratonward.
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FIGURE El d. p .leocene-Collision of the passive
causes development of a foredeep centered in the
ancestral Attock Cherat Range. The foredeep has
southward to the present Sargodha Ridge. In the
evaporite focies.
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FIGURE E le. Eocene-By middle Eocene, the marginal seas h'e begun to regress to the south.
Thick Upper Kuldana redbed fades are deposited, enclosing remanents of the marine basin, where
isolated evaporite deposition occurs. No further shortening along the faults occurs, although by
this time, collision and subduct ion of the shelf margin Is fully underw&y several hundred
kilometers to the north.
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FIGURE Elf. Olicene- Regional erosion of the Eocene depositional surfaceoccurs during the
Oligocene, as uplift is caused by regional flexural warping due to loading by major
intracontinentol thrusts to the north. This period of non-deposition and erosion truncated the
platform section over the present Sargodha Ridge (FigS Cl b), completely removing any
remanents of the Paleogene section; suggesting that the flexural bulge was south of the present
Salt Range by middle Miocene.
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FIGURE El g. Kamliel and Murree time-Continued uplift of the High Himalayas results in the first
appearance of molasse fades in the present Peshewar-Potwar region. Renewed deformation in the
foreland is represented by the appearance of low-angle thrusting in the distal for&and. Deltaic
and fluvial systems deposit Rew&pindi Group sediments over an extensive region, though they
are absent in the Kashmir area, and over the Sargodha Ridge, which defines the southern limit of
the Potwar foredeep.
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FIGURE El h. Chinli time-Aggrading Murree deposition passes upward into the first appearance of
basal Siwalik molasse, deposited by meandering, braided river systems. Thick accumulations in
the east may reflect initial activation of the Jhelum reentrant (Fig. Did). Preservation of bes&
Siwaliks overlying Cambrian rocks near the Sergodha Ridge may indicate an end to significant
upward flexure of the bulge.
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FIGURE Eli. 10.0-9.0 mybp-Shortening and uplift on the MBT sheds coarser molesse into the
proximal foreland, although lower Siwaliks are absent in the area of the Peshawar and Keshmir
Basins. Molasse deposition continues into Negri time with very high rates of sedimentation
occurring in the western Potwar Plateau (Fig. Dlii).
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FIGURE Elk. 8.0-7,0 mvbo-Deformation progressed southward of the NBT with thrusts
developing in the NPDZ. Molasse sedimentation continues, developing a well-defined depocenter in
the western Potwar Plateau. East-flowing drainage along the ancestral Soon River becomes well
established. Thrusting accentuates the Khaur structure as evaporites thin in the axis of on
incipient Soon Syncline.
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FIGURE Eli. 7.0-6.0 mybD-Movem
Sedimentation near the site of the pr
Plateau. Uplift and erosion continue
and 2000 m of underlying pre-Miocene section.
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FIGURE Elm. 60-5.0 mvbo-Highlands north of the MBT further erode as deformation in the
NPDZ continues as a northward back-breaking imbricate stack. Continued sedimentation of
tliddle Siwaliks further accentuate the migration of evaporites from the axis of the Soan Syncline
southward.
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FIGURE E In. 5.0-4,0 mvbo-Major reorientation of the drainage systems occurs as new uplift
begins to the northwest along the ancestral Pir Panj& Range, forming the intermontane Kashmir
Basin. The Jhelum River supercedes the Soan River as the dominant transverse drainage system
as the Soan River reverses drainage direction. Deformation migrates southward as anticlinal
structures develop in the northeastern Potwar Plateau, and first movement of the SRI (or
normal faulting in central Salt Range (i.e., A-A', Fig. 35)) occurs.
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FIGURE E 10. 4.0-3,0 mvbo-Karewe molesse shed from the uplifting Pir Penjals fills the
developing Kashmir Basin, as renewed uplift along th ge begins to form the
Peshawar Basin. Similarly, new shortening along the lie Chitta Range, forming
the Cambelipor and Nizempur intermontane basins. I tern NPDZ nears
completion as deformation shifts to movement on the Raiwet Fault, and folding in the Soan
Syncline. The Jhelum Reentrant downwars. control1in molasse deposition along its axis.
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FIGURE El q. 2.0- 1.0 mvbo-Intermontane deposition in the Peshawar Basin wanes. as folding
ceases in the Soan Syncline, evinced by undeformed Lei conglomerate onlapping folded, and

truncated, molasse strata. Deposition of Upper Siwaliks is concentrated in the Kotal Kund
Syncline.The Salt Range detachment continues to move southward in the western Potwar Plateau,
while in the east, obUquely striking structures and faults develop.
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FIGURE El r. 1.0-0.5 mvbo-Only remanents of active deposition persist in the Peshewar Basin
and the central Potwar Plateau. Upper Siwalik deposits are thickest in the eastern Potwar
Plateau, as the Jhelum River becomes the 'ocus of sedimentation. Deformation is focused along the
Salt Range escarpment as shortening occurs primary on the SRI arid the FT.
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FIGURE E is. 0.5-present-Deposition ceases in the Peshawor Basin, as the SRT propagates to its
present position in the western Potwer Plateau, In the eastern Potwer Plateau, deformation
propagates southward as sediments in the Rhotas and Mehesian structures are folded. Less than
400,000 ybp, deformation progresses to the site of the Pabbi Hills anticline, and similar age
deformation is documented along the central Salt Range. Ongoing propagation of the Salt Range
detachment southward, causes develooment of 'sled-runner" anticlines, such as the Wernali and'
Lilla structures.
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FIGURE El t. Quinternary- Intermontane deposition in the Potwar Plateau will cease as uplifted
areas are further eroded and dissected. Deformation progresses southward as a new branch of the
basal detachment thrusts to the surface in the central and eastern areas, forming analogous
sled-runner" structures. Similarly, sedimentation migrates southward of the present Jhelum

River as the Chenab River becomes the dominant drainage system. The southern Potwar Plateau
(especially the Soan Syncline) evolves into a relict intermontane basin like the present-day
Kashmir and Peshawar Basins.
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