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The Sulaiman foldbelt is an active and conspicuous tectonic

feature on the northwestern margin of the Indo-Pakistani plate.

Seismic reflection data have been combined with surface geological

mapping and drillhole data to interpret the structural style and

tectonic shortening of the eastern Sulaiman foldbelt and its adjacent

foredeep. The data show that the basement is more than 8 km deep

near the deformation front and that it deepens towards the west. The

foredeep adjacent to the eastern Sulaiman foldbelt is a broad synclinal

structure, with a steep western limb; the more gentle eastern limb has

monoclinal dips from near zero to 2.5° . Several salt-cored anticlines

are observed on the eastern part of the monocline, but the salt

structures are lacking in the western foredeep and in the frontal part

of the Sulaiman foldbelt.

The basal decollement under the Sulaiman lobe lies either in

ductile Eocambrian salt, or within a deep zone of other material that

undergoes ductile behavior. Near the deformation front, ramps from



the basal detachment become flats in lower Triassic and lower

Cretaceous shales. A steep and highly elevated zone immediately to the

west of frontal folds is interpreted to be underlain by a passive-roof

duplex. The culmination wall of this oblique duplex is separated from

the overlying roof sequence by a passive-roof thrust in lower

Cretaceous shales. The roof-thrust has a back-thrust sense of

movement, relative to the forelandward propagating duplex, and may

extend obliquely 100 km into the interior of the foldbelt. Fault-

propagation and fault-bend folds are present in the frontal portion of

the eastern Sulaiman foldbelt. Palinspastic restoration of a balanced

cross-section shows 108 km of shortening in the eastern Sulaiman

foldbelt east of the Kingri strike-slip fault.

The presence of more than 11 km of pre-Neogene strata on top

of basement suggests that the Mesozoic rifted margin of the Indian

subcontinent may lie beneath the Sulaiman foldbelt. This

interpretation is also favored by the presence of ophiolites and flysch

deposits overthrusted on late Cretaceous shelf strata.
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STRUCTURAL INTERPRETATION OF

THE EASTERN SULAIMAN FOLDBELT AND FOREDEEP,

PAKISTAN

INTRODUCTION

Foreland fold-and-thrust belts are active and conspicuous

tectonic features of convergent continental plate boundaries, and are

very important areas for the exploration of hydrocarbons. The

Himalayan orogenic belt is the largest continental convergent zone

presently active; as a result of underthrusting of the Indo-Pakistani

craton beneath its own sedimentary cover, several fold and thrust belts

have formed (Fig.1). These belts are more than 100 Km wide along a

series of lobes in Pakistan (Salt, Sulaiman, and Kirthar Ranges), in

contrast to India, where the width of the fold and thrust belt is less

than 50 Km (Fig.1). Detailed studies of structural style have recently

been published for one of these lobes, the Salt Range/Potwar Plateau

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

et al, 1989). The work presented in this paper is the first step of a

similar study of the eastern portion of the Sulaiman lobe and adjacent

foredeep, as part of a joint project between Oregon State University

(OSU) and the Hydrocarbon Development Institute of Pakistan (HDIP).

Approximately 1900 Km of seismic profiles, along with gravity, surface

and well data, have been supplied to OSU by HDIP, the Oil & Gas

Development Corporation (OGDC), and the Geological Survey of
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Figure 1. Regional tectonic setting of Pakistan (modified from

Stonely,1974; Powel1,1979; Kazmi and Rana, 1982). Note the

position and lobate shape of the Sulaiman Range on the

western edge of the Indo-Pakistani subcontinent. Also note

that the width of the foldbelt in India is very small as

compared with the widths of foldbelts in Pakistan. The shelf

edge along the western margin of India bends toward the

north near Karachi, and is truncated by the east -west Makran

subduction zone. The western passive margin of India extends

below the alluvium of the Indus plain and the Kirthar and

Sulaiman foldbelts, as evidenced by the Cambay (C) and Kutch

(K) grabens, the Talhar horst and graben zone (TFZ), and the

basement highs of Kandkot and Jacobabad. Large arrow shows

the general convergence of Indo-Pakistani subcontinent

relative to Asia. JB= Jacobabad basement high; MK= Mari-

Kandkot basement high; SG= Sargodha basement high.

Rectangle indicates the area covered in Fig. 2.
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Pakistan (GSP). These data were used to construct structural cross

sections in the area of current hydrocarbon interest near the

deformation front, and to interpret the structural style, depth to

basement and overall crustal structure in the interior of the foldbelt

(Fig. 2). Similar data are being used by Ishtiaq Jadoon, a Ph.D student

at OSU, for a companion study of the southern portion of the Sulaiman

lobe.

REGIONAL TECTONIC SETTING

The Indo-Pakistani subcontinent is interpreted as having

separated from Australia and Antarctica about 130 Ma ago and

migrated northward, closing the Tethys sea. After consumption of

Tethyan oceanic crust along a north-dipping subduction zone,

continental crust of the Indo-Pakistani plate collided with Asia about

50 Ma (Powel1,1979). This collision has resulted in the rise of the

Himalaya, along with the development of several fold-and-thrust belts

that now flank the northern and western margins of the Indo-

Pakistani plate (Fig. 1). In Pakistan, the northern boundary of the

Indo-Pakistani plate remains a convergent boundary (i.e. in the area of

Salt Range and Potwar Plateau), while oblique collision with the Afghan

Block formed the Sulaiman and Kirthar Ranges in a transpressional

zone on the northwest and west, respectively (Fig. 1).

The western boundary of the Sulaiman Range is demarcated by a

suture zone through the Zhob valley (Fig. 1 and 2), which consists of a

discontinuous belt of ophiolites (Abbas & Ahmed, 1979; Gansser,
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Figure 2. Tectonic map of the Sulaiman Foldbelt

(modified from Kazmi and Rana, 1982). Line A-A'shows the

location of the cross sections of figure 11-A and Line B-B' shows

the location of the cross section being prepared by Jadoon et al

(in prep). Lines C-C' and D-D' are the locations of the cross

sections made by Banks and Warburton (1986). Line X-Y shows

the location of Fig. 10. Rectangle is the area covered in Fig. 3.
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1979; Farah et at, 1984) and Mesozoic sedimentary rocks interrupted

by numerous faults, unconformities, and facies changes (Jones, 1961).

Currently this suture is not active (Farah et al,1984). Instead, the

Chaman strike-slip zone, to the west, connects the northern

Himalayan convergence zone with the Makran convergence zone in

the south, where oceanic crust of the Arabian plate is being subducted

(Farah et at, 1984). The eastern and southern boundaries of the

Sulaiman Range are marked by broad folds abutting alluvial deposits of

the Indus river system, which flows through the active Himalayan

foredeep (Fig. 1 and 2).

PREVIOUS WORK

Blanford (1883), Oldham (1890), and La Touche (1893) did

early reconnaissance work in the Sulaiman Range (as cited by

Eames,1952). Paleogeographic and stratigraphic studies were done on

Cretaceous/Paleocene rocks of the Sulaiman Range by Davies (1939),

and Pinfold (1939). Eames (1952) worked out the basic stratigraphy in

the Fort Munro and Zindapir structures in the eastern Sulaiman

Range. The Hunting Survey carried out major reconnaissance mapping

(1:253,000 scale), mainly using aerial photos and supplimented with

field checks (Jones, 1961). Abdel Gawad (1971) and Rowland (1978)

interpreted the shape and gross structure of the Sulaiman lobe with

the help of satellite images. Hemphill and Kidwai (1973) mapped the

northern part of the Sulaiman Range at the scale of 1:250,000 and

recognized some strike-slip and thrust faults. Sarwar and DeJong

(1979) interpreted the arcuate shape of the Sulaiman lobe; they
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considered the lobe a thin-skinned structure, moving along a

decollement thought to lie within Eocambrian evaporites. Gansser

(1979), Abbas and Ahmed (1979), Allemann (1979) and Asrarullah et

al (1979) have described the various features of the Zhob Valley

ophiolites. Banks and Warburton (1986) proposed a passive-roof

duplex model to explain the frontal portions of the Sulaiman and

Kirthar Ranges (Fig.2). Wells (1984) and Waheed and Wells (in press)

carried out sedimentological and paleocurrent studies in the

northeastern part of the Sulaiman Range. Ahmed et at (1987) and

Malik et at (1988) discussed the petroleum potential and prospects of

the Sulaiman foredeep. Lillie et at (1989) and Jadoon et at (1989),

have explored the possibility of the presence of thin transitional or

oceanic crust beneath the Sulaiman Range, through gravity modelling

and by the comparison of the thickness of the platform sequence in

the Sulaiman and Salt Ranges. A great deal of work has been done on

the Sulaiman Range by GSP, HDIP, OGDC, and other oil companies;

results of some of this work were available for this thesis.

OBJECTIVES AND METHODOLOGY

The objectives of the overall Sulaiman study are as follows:

1. Determine the fundamental decollement level (or

levels) for the fold- and- thrust system.

2. Determine the depth of the basement as it descends

beneath the Sulaiman Range.
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3. Interpret the structure within the overlying deformed

section.

4. Examine the nature of deformation and mechanics

responsible for the deformation.

5. Determine the thickness and nature of the crust beneath

the sedimentary section in the Sulaiman lobe.

6. Interpret the history of development and destruction of

the northwestern margin of the Indo-Pakistani plate in the

vicinity of the Chaman transform zone.

This thesis focused on objectives (1), (2), and (3) for the eastern

part of the Sulaiman Lobe and its adjacent foredeep. A similar thesis is

being undertaken by Ishtiaq Jadoon (in prep.) for the southern part of

the Sulaiman Lobe. Observations and interpretations from these theses

provide important constraints for the more regional studies

addressing the other objectives, namely mechanics of thrusting (Davis

and Lillie, in prep.), crustal structure (Khurshid (in prep.), and

tectonic evolution (Jadoon et al, in prep.; Lillie et al, 1989).

The objectives for this thesis were addressed through analysis of

the following data sets:

Surface Mapping

In the project area surface geological mapping was available in

bits and pieces. However, there were some crucial gaps between

different maps and these maps were not of the same scale. A

composite geologic map was prepared on 1:250,000 scale by

integrating the available geological mapping and then filling the gaps

with the help of field work (during Fall of 1988), aerial photographs,

and Landsat images (Fig. 3).
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Figure 3. Geologic map of part of the Sulaiman Foldbelt. Line AA'

is the location of the cross section of figure 11-A. Compiled from

the mapping of GSP, OGDC, and the Hunting Survey Report

(Jones, 1961).
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Seismic Reflection and Well data

Approximately 800 km of seismic profiles and information from

13 wells (Fig. 4) were available for the study area. A 250 km long

composite seismic time section was prepared and interpreted from

the Marot well in the east to the Sakhi Sarwar well in the west (Line

X-Y,Fig. 2 and 4). The interpretation is constrained by the

stratigraphic information from several wells drilled in the project area

(Fig. 4). A depth section was then prepared from this time section.

Velocities used for this conversion were mainly obtained from sonic

logs of the Marot, Bahawalpur East, Sakhi Sarwar, and Zindapir wells.

For the structural interpretation, a detailed cross section was

prepared and retrodeformed (Line A-A' in Fig. 2, 3, and 4). Although

the overall convergence of the Indo-Pakistani plate with the Afghan

block is quite oblique along the section line (Fig. 1), an attempt was

still made to balance the detailed cross section. This required the

development of a new method of volume balancing a section involving

oblique convergence (discussed under tectonic shortening).

STRATIGRAPHIC SETTING

A Permian to Pleistocene sequence of rocks, with few breaks, is

exposed at the surface or drilled in the Sulaiman Range (Shah, 1977;

Fig. 2, 3, and 5). Sedimentary rocks older than Permian are thought to

be in the subsurface (Banks & Warburton, 1986), but this has not been

confirmed by drilling. The youngest rocks, of Pleistocene age, are

present in the foothills along the eastern and southern edge of the

Sulaiman Range (Fig. 2). Surface exposures are generally older towards
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Figure 4. Location of seismic and well data available for this

study. Formation tops for all, and Wire line data for some, of the

wells shown here were available. The lines shown in bold are the

seismic lines used in Fig. 8, 9, and 10. Lines A-A' and X-Y show

the location of Fig. 11-A and Fig. 10, respectively.
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Figure 5. Generalized stratigraphic column of the Sulaiman

Foldbelt and Foredeep. Thicknesses in the foredeep are ranges

encountered in different wells. In the foldbelt (F.belt),

thicknesses are from exposed stratigraphic sections as given by

Shah (1977), and the Hunting Survey Report (Jones, 1961).

Interval velocities vary from east to west, hence their range is

shown.
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the interior, with the oldest rocks exposed near the northwestern

part of the range (Fig. 2). Although the oldest rocks exposed are

Permian in age, they are present only in the form of isolated outcrops

near Kalat, Wulgai, and Ghazaband. Drillhole data within 200 km of the

Sulaiman deformation front show the presence of a late Precambrian

evaporite sequence beneath the foredeep (Fig. 5). Thinning and

truncation of Cambrian strata in the northern part of the Salt

Range/Potwar Plateau and in the western part of the Sulaiman

foredeep suggests that the platform was gently dipping to the east

during the Cambrian. There is a significant stratigraphic break

between middle Cambrian and early Permian. Deposition of Permian

tillite boulder beds and fluvial sandstones indicate marginal basin

conditions during the early Permian, which gave way to marine

conditions during the late Permian. The presence of these late

Permian limestones in the western part of the Sulaiman Foldbelt, and

continuation of Permian reflectors (with westerly dip) on seismic lines

near the deformational front shows that the platform had already

started to tilt toward the west/northwest during the late Permian.

A Mesozoic section of more than 8000 meters in the Sulaiman

Range, consisting mainly of carbonate rocks and deep water shales,

indicates shallow to deep water marine conditions (Fig. 6). However,

in the eastern part of the Sulaiman Foredeep, the Mesozoic strata are

relatively thin (750 meters in the Sarai Sidhu well) and show a facies

change from marine limestones to a near-shore sandstone and shale

sequence in the Jurassic (Fig. 6). The Mesozoic sedimentary

assemblages are the response to the evolution of a passive (Atlantic

type) continental margin (Malik et al, 1988); this margin is still intact



18

Figure 6. Stratigraphic thickness and lithology changes in

passive continental margin sequence (Mesozoic) of the Sulaiman

Foldbelt and Foredeep. Note the increase in carbonates and

deeper water shales from east to west in the Jurassic sequence.

Thicknesses shown in the westernmost column are taken from

several measured sections in the area aroud Quetta, Loralai, and

Khuzdar. Blank portion in the Zindapir well accounts for the

projected thickness of Triassic in that area. Note the change of

fades from deeper water marine (west) to near-shore (east) in

the Jurassic. Right hand column under Quetta-Loralai area shows

the symbols used in other figures. For well and city locations see

Fig. 2 and 4.
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to the south, on the west coast of India. Basin studies by Biswas (1982)

and refraction studies by Naini and Talwani (1983), along with other

geophysical evidence from gravity, magnetic and reflection studies,

also suggest that this margin is a rifted continental margin.

Paleocurrent studies by Waheed and Wells (in press) in the eastern

Sulaiman Foldbelt suggest a pre-orogenic, west facing, open marine

shelf during late Cretaceous time.

Sedimentation during the Paleocene/Eocene is marine, but its

nature is more towards shallow, shelf limestone facies. Paleocurrents

also changed from westward in the late Cretaceous to more eastward

in the Paleocene/Eocene (Waheed and Wells, in press), indicating the

initial collision between India and Asia and ophiolite emplacement

along Zhob suture. At about the same time (53 m.y. ago), a sharp

decrease in the rate of northward movement of India (from 15 cm/yr

to 5 cm/yr) also suggests the initial collision of India with the

Kohistan-Chitral island arc terrane (Powell and Conaghan, 1973;

Quittmeyer et al, 1979).

The main collisional tectonics responsible for the development

of the Sulaiman Foldbelt, in response to which the Sulaiman Foredeep

was formed, started during the middle Eocene. Marine sedimentation,

which remained restricted in the southern part of the Sulaiman

foldbelt and foredeep area during the Oligocene, ceased dramatically

during Miocene. From the Miocene onward, continental environments

prevailed, as shown by the thick molasse deposits of more than 8000

meters in the Sibi Trough area (Movshvitch and Malik, 1965). This

great thickness of Siwalik Group rocks represents high uplift rates of

the Himalayan source area (0.8 to 1.0 m/1000 yr, Zeit ler, 1980) and
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high subsidence and sedimentation rates in the foredeep (0.8 to 1.0

m/1000 yr, Mehta, 1980, and Barndt et al, 1978).

The stratigraphic setting described above suggests that the area

now underlying the Sulaiman Foldbelt and Foredeep was a part of the

stable craton (Gondwana) from late Proterozoic to late Paleozoic.

Breakup of Gondwana started in early Mesozoic; the passive margin on

the western margin of the Indian subcontinent was formed during

middle to late Mesozoic. The northern margin of the subcontinent

(Himalaya-Salt Range/Potwar Plateau) experienced a head-on collision

with Asia, while the northwestern margin (Sulaiman and Kirthar

Range) collided with the Afghan block in an oblique fashion, during

the Oligocene to Recent. The Mesozoic margin appears to be in an

early stage of collision in the Sulaiman Range, in contrast to the area

north of the Salt Range/Potwar Plateau, where the passive margin

apppears to have been completely deformed as a result of head-on

collision.

STRUCTURE AND DEFORMATION STYLE OF THE

EASTERN SULAIMAN RANGE

Six of the available seismic lines were used to construct a

composite seismic profile from the Marot well in the east to the Sakhi

Sarwar well in the west (Fig. 4). Farther west (beyond the frontal folds

of the eastern Sulaiman Range), no seismic or well data exist and the
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only available constraint is the surface geological mapping (Fig. 2, 3

and 4).

Selection of the cross section line was made by keeping in view

the best use of seismic and well control, and keeping the section

perpendicular to structural trends. Although the overall tectonic

transport direction of the Sulaiman fold-and-thrust belt trends

approximately SIVE (determined using the "bow and arrow rule" of

Elliot, 1976), the tectonic strain trajectories show a diverging fan type

pattern (Fig. 7). The cross section line was kept parallel to the strain

trajectory passing through the eastern Sulaiman fold-and- thrust belt

(Fig. 7).

Depth and dip of the basement are very important constraints in

the construction of balanced cross-sections. Basement has been drilled

in only three wells (Marot, Bahawalpur East, and Karampur; Fig. 4) in

the Sulaiman foredeep area; the best data control (in terms of seismic

reflection profiles and sonic logs) were from the Marot well. The cross

section line passes over the Sakhi Sarwar well near the deformation

front, mainly because there is continuity of seismic data between

undeformed strata of the foredeep and deformed strata of the foldbelt.

This continuity was lacking farther to the north near the Zindapir and

Rodho wells, due to crucial gaps in seismic coverage and poor data

quality (Fig. 4).

SULAIMAN FOREDEEP: Structurally, the Sulaiman foredeep is a

broad syncline with a very gentle, undisturbed eastern limb and a

steeper western limb. The eastern limb has monoclinal dips of 10 to

2.50 and is over 200 km wide. In the eastern portion of this
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Figure 7. Solid lines are strike-slip faults and bold dashed lines

and arrows indicate the alignment of the axes of greatest

principle strain, deduced from the orientation of fold axes. Line

A-A' is location of cross section in Fig.11-A. Note position of

Kingri strike-slip fault, at the end of section A-A'. Modified from

Hunting Survey Report (Jones,1961) .
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monocline, several salt-cored anticlines have been formed (e.g., Marot

structure (Fig. 8). This salt is part of the Eocambrian Salt Range

Formation. The average thickness of the Salt Range Formation in this

area is about 500 meters, with 100 to 200 meters of salt section. But

thickness increases in the cores of anticlines due to the flow of salt

from beneath adjacent synclines. In the Marot well an 1143 m thick

Salt Range Formation was drilled, including more than 400 meter of

salt. The monoclinal structure of the Sulaiman foredeep extends 25

km west of the Indus river, where it is separated from the foldbelt by a

syncline (Fig. 9 and 10). The depth of the basement beneath this

syncline is about 8 km (-5 seconds, two-way travel time; Fig. 9 and

10). West of the synclinal axis, basement reflections extend off the

bottom of the time sections, and therefore can not be traced beneath

the Sulaiman Foldbelt. Basement is extended below the foldbelt by

extrapolating its dip (2.50) from this point.

SULAIMAN FOLDBELT: The overall structure of the eastern

Sulaiman foldbelt is different from that of the central part of the

Sulaiman lobe. A sharp contrast in structural trends exists across a

left-lateral strike slip fault, known as the Kingri Fault (Fig. 7). The

trends of the structures are mainly east-west, more or less

perpendicular to tectonic transport direction, near the fault on the

west. However, structural trends are N-S to NNE-SSW and quite

oblique to the tectonic transport direction on the east side of the fault.

It appears that the central Sulaiman lobe has moved farther, in a thin-

skinned manner, than the eastern part. Low topographic slope and

broad concentric folds near the southern deformational front (line BB'
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Figure 8. Composite seismic section in the eastern part of the

Sulaiman Foredeep. Note the thickenning of evaporites (Salt

Range Fm.) under the Marot structure. Truncation of the

Jurassic and Triassic by Paleocene unconformity is also clear.

Lines SH/80-508 and SH/80-5074 are unmigrated, 12 fold,

Vibroseis source, recorded and processed in 1980 by

Seismograph Service Ltd. for Pakistan Shell Petroleum Company.

See Fig. 4 for location of lines.
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Figure 9. Composite seismic section in the western part of the

Sulaiman Foredeep, near Sakhi Sarwar. Note that basement

reflections extend below 5 sec at Sakhi Sarwar. Also note the

interpreted absence of evaporites on top of the basement. Lines

W15-BP, W15-BD, and W15-Q are unmigrated, 24 fold, vibroseis

source, recorded and processed in 1974 by Western Geophysical

Company for AMOCO Pakistan Exploration Co. Dashed lines show

speculative interpretation. See Fig. 4 for location of lines.
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Figure 10. Structural cross-section from Marot well in the east

to Sakhi Sarwar well in the west. For location see Fig. 2 and 4.

The depth of the basement is more than 8 Km near the

deformation front, east of Sakhi Sarwar well. Original completion

log of Sakhi Sarwar well shows that well penetrated the Pab

Formation of Late Cretaceous age. But Sonic and Gamma Ray log

correlation with other subsequently drilled wells

(at OGDC) shows that well stopped in Lower Ranikot

sandstone and shale sequence which resembles very

closely to the Pab Sandstone.
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in Fig. 2; Jadoon et al., in prep) contrast with higher topographic

slope and tighter folds near the eastern deformation front (line A-A' in

Fig. 2), consistent with this idea. The farther movement of the central

Sulaiman lobe appears to be accomodated by left-lateral motion along

several strike-slip faults (including the Kingri fault), and by the

formation of a passive roof duplex (explained in detail in the next

section) in the eastern Sulaiman lobe (Fig. 2, and 11).

The deformation front of the Sulaiman foldbelt shows foreland-

dipping molassic strata throughout its length, and no thrust appears

on the surface. This suggests that blind thrusts are present in the

cores of the frontal folds of the Sulaiman foldbelt, as is the case in the

Rocky mountains of Canada (Thompson, 1981). Similar situation exists

in the frontal part of the eastern Salt Range/Potwar Plateau, where

blind thrusts are present in the cores of anticlines (Pennock et at.,

1989). This is in contrast to the central and western Salt Range where

the lower most detachment (Salt Range Thrust) appears on the

surface (Lillie et al., 1987).

Detachment Levels: The Sulaiman lobe has been considered a

thin-skinned structure moving along a decollement within Eocambrian

salt (Sarwar and Dejong, 1979; Banks and Warburton, 1986). The

overall topographic slope (-10) of the Sulaiman foldbelt also favors the

possibility of a basal detachment in salt (Davis and Engelder, 1985).

However, the nearest evidence for the presence of salt is about 200

km east of the deformation front, in the Karampur well (Fig. 4).

Seismic reflection data do not favor the continuation of Eocambrian

salt beneath the frontal part of the eastern Sulaiman foldbelt. Salt-

cored anticlines, which are very clear in the eastern part of the
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Figure 11. (A) Structural cross-section in the frontal part of the

eastern Sulaiman Foldbelt. Note the steep culmination wall of

the passive-roof duplex under the Fort Munro structure. The

shapes of horses in the duplex structure are highly speculative

due to the absence of seismic data. Also note ramping of the

basal detachment to lower Trassic shales near the Kingri fault. (B

& C) Partially and fully restored sections showing 78 Km of

tectonic shortening. Dash and dot line shows the present

topographic level. Eocene, Paleocene,and Cretaceous sequence

is hypothetically extended (dashed) over the passive-roof thrust.
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Figure 12. Strength versus depth and temperature for

different rocks.For normal geothermal gradients

(20-35oC/Km) limestone is as week as halite or

anhydrite at depths bolow 14 Km. From Davis and

Engelder (1985).
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foredeep (e.g Marot structure, Fig. 8), are not seen in the western part

of the foredeep on the composite seismic section (Fig. 9). The

westernmost of such salt-cored anticlines (seen on seismic line W16-

AT) is still 120 km away from the deformation front (Fig. 4). In the

light of the above discussion, two possibilities arise: 1) the interior of

the Sulaiman lobe is underlain by the Eocambrian evaporites; and 2)

the sedimentary section is so thick that its lower part deforms ductily,

even if the evaporites are not present. Seismicity data show some

activity all along the deformation front as well along the Kingri Fault,

while the interior of the lobe appears aseismic (Rowland, 1978;

Quittmeyer, 1979; Verma et al., 1980).

For the first possibility, it may be the case that the Eocambrian

evaporites were deposited in smaller, isolated, intracratonic basins

(Kozary et al, 1968). One of these basins occupied the areas of the Salt

Range/Potwar Plateau, Jhelum plains, and the eastern portion of the

Sulaiman Foredeep, while another was present below the area now

occupied by the interior of the Sulaiman Range, possibly west of the

Kingri Fault. The area between these two basins, i.e, between the

Indus River and the Kingri Fault (Fig. 2), is a narrow belt, for which

there is no conclusive evidence for evaporites at the base of

sedimentary section. In this case, it can also be argued that the

formation of the Kingri strike-slip fault may be the result of the

thinning or the absence of the evaporites. As discussed earlier, the

central Sulaiman lobe appears to have been moving towards the south

faster than the part of the foldbelt that lies east of the Kingri fault.

This situation can also be explained by the differential drag model of

Davis and Engelder (1985) for the edge of a salt basin. Their model is
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supported by examples from the Appalachian plateau and the Franklin

mountains of northern Canada.

For the second possibility, the basal decollement is more than

14 km deep near the Kingri fault (Fig. 11). At this depth, (with normal

geothermal gradient) a limestone has a low strength, and may be as

ductile as salt or anhydrite (Davis and Engelder, 1985; Fig. 12). A

number of carbonate horizons are present in the Triassic, Permian,

and possibly in the Cambrian strata of the Sulaiman fold-and-thrust

belt (Fig. 5 and 6). The average geothermal gradient in the Sulaiman

Range is 2.50C /100 m (Ahmed et al, 1987), which means that rocks

at the depth of 15 km are at a temperature of more than 3500C. At

this temperature, not only carbonates, but even the sandstones may be

ductile. Davis and Lillie, in prep, are suggesting a low temperature

creep mechanism in the fine grained carbonate rocks, at a depth of

more than 15 km.

Structural interpretation presented in Fig.11-A is consistent

with both of the above possibilities. Specifically, the basal detachment

near the Kingri fault would logically step up at the thinning or absence

of salt, or at the shallowing of a potential carbonate horizon in the

sedimentary section.

The basal decollement ramps up and flattens in the clayey shales

and mudstone sequence of the Lower Triassic, near the Kingri fault

(Fig. 11-A). The thickness of this sequence ranges from 300 to 500 m

(Shah, 1977). Another potential detachment horizon exists within the

Sember/Goru Formation of Early Cretaceous age, in which several

shaly intervals are present (Shah, 1977; Banks and Warburton, 1986).
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In cross section A-A (Fig. 11-A), this is the uppermost detachment

level that includes the passive-roof thrust discussed below.

Passive-roof Thrust and Duplex: Seismic data are of limited

value in the structural interpretation of the frontal part of the eastern

Sulaiman foldbelt. These data cover only the first line of folds (Sakhi

Sarwar and Zindapir structures; Fig. 3), leaving only surface geology to

constrain the interior of the foldbelt. To the west of the Sakhi Sarwar

and Zindapir anticlines, a steep zone of elevated topography and

Cretaceous to Pleistocene exposures is present, without any major

structural disturbance (Fig. 11-A). Butler (1982) has termed this type

of steep zone a major culmination wall of a duplex structure, and his

model has been applied (Banks and Warburton, 1986) to a similar

structure in the Bolan Pass area of the Kirthar Range, Pakistan (Line

DD' in Fig. 2 and 13). In the eastern Sulaiman culmination wall,

exposed lower Cretaceous rocks are exposed in this steep zone and

are 9 km above their regional level (Fig. 11-A). This 9 km gap can be

filled by a duplex, bounded on the top and bottom by detachments,

under these abnormally elevated strata. The upper detachment has a

back-thrust sense of displacement, relative to the forelandward

propagating duplex. This type of fault has been referred by Banks and

Warburton (1986) as a passive-roof thrust. It is equivalent to the upper

detachment of Jones (1982) in the Alberta syncline at the foothills of

the Canadian Rockies (Fig. 13). There is no surface outcrop of such a

passive-roof thrust near the culmination wall or above the roof of the

duplex in the study area. However it is inferred, by studying the

outcrop pattern in the interior of the foldbelt, that the passive-roof
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Figure 13. Examples of passive-roof thrust and duplex geometry.

(A) Cross-section in the Bolan Pass area of the Kirthar Range,

Pakistan(modified from Banks and Warburton, 1986; Line DD' in

Fig.2). Note the frontal culmination wall of the duplex, separated

from overlying rocks by a passive-roof back thrust. Roof

sequence is elevated for more than 7 Km from its regional level.

(B) Cross-section in the Athabasca Valley, Alberta foothills

(modified from Jones, 1982). Fault labeled as "upper

detachment" is equivalent to the passive-roof thrust of Banks and

Warburton (1986). The roof sequence above this detachment is

imbricated by several small back thrusts, which sole out in the

main detachment. (C) Cross-section across the southern Taiwan

thrust belt (modified from Suppe, 1983). This situation is more

or less similar to the frontal part of the eastern Sulaiman

Foldbelt. In this case the auther had surface and well dips, and

stratigraphic thicknesses as constrints and no seismic data was

available. A passive-roof thrust was infered at a certain potential

week zone; the space between the passive-roof thrust and basal

detachment (known from nearby structures) was filled by a

duplex, made up of several horses.
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thrust must be present near the base of the Cretaceous sequence in

the shales of the Sember/Goru Formation. This means that the roof

sequence above the back-thrust is composed of Cretaceous and

younger rocks. This roof sequence continues an additional 80 to 90

km to the NW, making the length of the passive-roof thrust at least

100 km. The interpretation of the position and length of the passive-

roof thrust is in conformity with a similar feature developed in the

southern Sulaiman lobe (Jadoon et al, in prep.). In the Brooks Range of

Alaska, a passive-roof thrust sequence extends hundreds of kilometers

across regional strike (I. R. Vann; cited in Banks and Warburton,

1986). Similar examples of highly elevated roof sequences in which

the underlying space filled with a duplex also exist in the southern

Taiwan foldbelt (Fig. 13; Suppe, 1983) and in the northern Potwar

Plateau of Pakistan (Baker et al, 1988; Jaswal, in prep). Fig. 14 shows

the schematic development of a passive-roof thrust and associated

duplex.

Fault-Propagation and Fault-Bend Folds: The roof sequence has

been disturbed by several foreland-dipping thrusts. These back-thrusts

have a small throw and sole out in the passive-roof thrust. Formation of

these back thrusts is considered to be related to the additon of horses

in the underlying passive-roof duplex (Banks and Warburton, 1986;

Fig. 14). The shortening produced by these faults is compensated by

folds which resemble fault-propagation folds (Suppe, 1985). The Sakhi

Sarwar anticline, which is the frontal fold of the eastern Sulaiman

foldbelt, is one example (Fig. 11-A). Seismic reflection data show a

foreland-dipping thrust, along which displacement decreases up

section (Fig. 9).
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Figure 14. Schematic development of passive-roof thrust and

duplex (modified from Jones, 1982; Banks and Warburton,

1986). The length of the passive-roof thrust increases with the

propagation of the underlying duplex. Several smaller back

thrusts also develop in the roof sequence above the duplex.

Formation of these smaller thrusts is considered to be related

with the addition of horses in the duplex. Shortening produced

by these thrusts is compensated by the formation of fault-

propagation folds. 1, 2, and 3, are horses of the duplex

structure; I, II, and III are foreland-dipping small back-thrusts

developed within the roof-sequence.In study area, foreland-

dipping back-thrust, developedin the Sa lchi Sarwar structure

(Fig. 9 and 10) corresponds to III, while back-thrust formed

near the Kingri Fault (Fig. 11-A) corresponds to I or II. Also

note that the main shortening has taken place with in the

duplex sequence; roof sequence has been shortened

much lesser.
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Although seismic data across the Zindapir anticline are of poor quality,

a fault-bend origin of this fold is inferred with the help of surface

geological maps and field observations (Suppe, 1985; Fig. 11-A). The

western limb of this anticline is very gentle in contrast to the steep

eastern limb, which seems to be further disturbed by small faults. A

low angle ramp should be present beneath the western limb, possibly

between the basal detachment (discussed above) and lower Triassic

shales (Fig.11-A). A similar structure (Pirkoh anticline), also involving

a fault-bend origin, is interpreted in the southern Sulaiman Foldbelt

(Jadoon et al. in prep).

Tectonic Shortening: As discussed above, structural trends in

the eastern Sulaiman foldbelt are quite oblique to the overall transport

direction of the Sulaiman lobe. The culmination wall of the duplex also

trends oblique to the transport direction of the lobe, and according to

Butler (1982) classification, it falls under the category of "oblique

culmination wall". Cooper (1983) has discussed the problem of

calculating shortening in a balanced section drawn oblique to

structural trends within a fold-and-thrust belt with a regularly varying

displacement field and with a single displacement direction.

Essentially his method involves making a simple trignometric

correction for the obliquity of the section. Such an approach is only

partly applicable to the eastern Sulaiman section.

In the study area the displacement field is not uniform, and can

be divided into three fields (Fig. 15). (1) The portion of the section

above the passive-roof thrust has shortened only a small amount, in a

direction perpendicular I the fold axes of the area. (2) Under the
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Figure 15. Schematic diagram showing the relation of

obliquely moving duplex and overlying roof-sequence.

Note the difference in the thickness of duplex sequence (in

undeformed and deformed state). Also note that displacement

field in passive-roof sequence is almost perpendicular to the

section A-A', but it is quite oblique in the duplex sequence.
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passive-roof is a duplex zone formed of several horses which have

moved mainly S120E; the accumulation of portions of these horses in

an anticlinal stack along the edge of the thrust belt creates the

culmination. (3) East of the tip line of the triangle zone is the lowest

horse block which forms the frontal folds (Zindapir and Sakhi Sarwar

anticlines). This third zone has moved eastward, and it appears that

the culmination wall is acting as a thrust backstop (Byrne et al., 1988)

that drives the thrust motion. The cross section A-A' is approximately

perpendicular to the first and third displacement fields and, therefore

the shortening in these fields can be determined by a traditional line

balance method. This gives shortenings of 3 and 18 km, respectively

(Fig. 11).

The situation of displacement field 2 above makes it very

difficult to estimate the shortening in the area west of frontal folds,

where seismic data are lacking and the cross section is oblique to the

duplex structure. However, an attempt was still made to balance the

cross section (Fig. 11-B and 11-C). One pin line was placed to the east

of the Sakhi Sarwar structure, in the undeformed or very slightly

deformed strata. The second pin line was placed on the Kingri Fault, a

vertically dipping, strike-slip fault which also marks the boundary

between the eastern and central Sulaiman foldbelt. It was assumed

that that the motion in displacement field 2 is parallel to the Kingri

Fault and also that all motion of the eastern Sulaiman foldbelt takes

place east of this fault. Then a two stage restoration was performed.

First, an equal area method was used to balance the duplex structure

underlying the passive-roof thrust as if motion was parallel to the line

of section (e.g., see Dahlstrom, 1969; woodward et al., 1989; Fig. 11).
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By palinspastically restoring the section, 60 km of tectonic shortening

was determined in the eastern Sulaiman foldbelt, east of the Kingri

Fault. Next, we performed a volume balance of this shortening to

correct for the obliquity (Lawrence and Humayon, in prep). For this

estimate we assumed that the area of the duplex under the

culmination wall was constant laterally for a short distance, producing

width of the cross section. We also separated the portion under the

culmination produced by a pile-up of horses from the portion of the

eastern Sulaiman foldbelt that translated S120E. The separation of

these areas is essentially at the Paleocene/Cretaceous contact (below

the passive-roof thrust) , on the west flank of the Fort Munro anticline

(Fig. 11-A). Taking into account the range of possible stratigraphic

thickness of the duplex sequence, we calculated a restored secton of

-90 km for displacement field 2.

In summary, after three dimensional correction, the shortening

for the eastern Sulaiman section is calculated to be 90 km on triangle

zone duplex plus 18 km on the frontal folds, a total of 108 km (Fig.

1 1) .

NATURE OF THE CRUST UNDER THE SULAIMAN FOLDBELT

The stratigraphic setting of the Sulaiman foldbelt suggests that

the Mesozoic sequences are associated with the evolution of a passive

(Atlantic type) continental margin. The northern continental margin of

the Indian subcontinent has been almost completely obscured during

the head-on collision with Asia; a full thickness continental crust, with
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a very thin (-600 m) platform sequence (Cambrian to Eocene) on its

top, is now underthrusting the Salt Range /Potwar Plateau area (Duroy

et al.. 1989; Lillie et al., 1987). In contrast, the stratigraphic thickness

of the Mesozoic platform sequence at the deformation front of the

eastern Sulaiman foldbelt is 8 km (Fig. 10 and 11). This stratigraphic

thickness increases to about 11 km towards the northwest (Fig. 6;

Banks and Warburton, 1986). This large thickness of platform rocks

on a passive continental margin suggests that during deposition the

crust below was relatively thin, perhaps oceanic or at least transitional

in nature (Jadoon et at.. 1989; Lillie et at., 1989). Gravity modelling of

Bouguer anomalies also reveals that the sedimentary thickening is

incompatable with underthrusting of a full thickness continental crust

(Lillie et al., 1989; Khurshid, in prep.). A sequence of ophiolites and

flysch, present to the northwest of the Sulaiman foldbelt, is thrusted

over the Cretaceous carbonates of the Sulaiman foldbelt; this is also an

indication of the presence of oceanic crust near the Sulaiman foldbelt.

An analogy for this situation has also been documented in the Ouachita

Mountains of Arkansas (Lillie et at., 1983). Seismic reflection profiles

show the presence of a 15 km thick sequence of flysch and molassic

sediments; modelling of Bouguer gravity data suggest that the crust

beneath these sediments is thin transitional or oceanic in nature.

Furthermore, these Bouguer gravity values for the Ouachitas are similar

to those recorded in the Sulaiman foldbelt (Lillie et at, 1989;

Khurshid, in prep.). Surface wave studies of earthquake data (Chun,

1986) and spatial distribution and fault plane solutions of mantle

earthquakes (Verma et at., 1980) also suggest that oceanic lithosphere

might underlie the Sulaiman lobe. Typical structural features of a
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passive continental margin (normal faults bounding grabens) have been

interpreted to underlie the southern Sulaiman and Kirthar foredeep

(Malik et al., 1988; Fig. 1); these structures appear to be associated

with the onland continuation of the western margin of India (Biswas,

1982; Fig.1). Quadri and Shuaib (1986) infered the presence of

oceanic crust beneath the Jacobabad basement high, by studying the

magnetic anomalies in that area (Fig. 1). Refraction data studies by

Naini and Talwani (1983) show the boundary between continental and

oceanic crust lies just west of the shelf edge, off the western shore of

India (Fig. 1). These observations, collectively suggest that the

northwestern margin of the Indian subcontinent is in an early stage of

underthrusting the Sulaiman Range. In contrast, the northern margin

of the subcontinent lies at least 200 km north of the Salt

Range/Potwar Plateau region; the passive margin there has been highly

deformed during collision and underthrusting (Lillie et al., 1989). Fig.

16 shows positions (based on sedimentary thicknesses) of the

Sulaiman and Salt Range/Potwar Plateau relative to a modern passive

continental margin. This comparison also favors the presence of

transitional or oceanic crust below the Sulaiman Range, as compared

to a full thickness craton beneath the Salt Range/Potwar Plateau.
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Figure 16. Position of the Sulaiman Range and Salt Range

relative to a modern rifted continental margin. (A) Cross section

is generalized depiction of rifted continental margin of the

eastern United States (from Grow et al., 1979). (B) The positions

of the Salt Range/Potwar Plateau and Sulaiman Range are

oriented according to thickness of their passive continental

margin sequences. This analogy suggests that the

Sulaiman Rannge is in a very early stage of continental collision,

while the Salt Range/Potwar Plateau lies on full thickness

cratonic crust, more than 200 km from continental edge.
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CONCLUSIONS

1. Seismic reflection profiles reveal that: (A) the depth to

the basement near the deformation front of the eastern Sulaiman

Foldbelt is 8 Km. (B) Salt-cored anticlines are present in the eastern

part of the Sulaiman Foredeep, but absent in the western part as well

in the frontal part of the Sulaiman Foldbelt. (C) Fault-bend and fault-

propagation folds are present in the frontal part of the Sulaiman

Foldbelt.

2. The basal decollement is in the lower most part of the

sedimentary section. It present beneath the Sulaiman Foldbelt,

Eocambrian evaporates are the most likely candidate: however, the

extreme thickness of I he sedimentary section may result in ductile

behavior of carbonate rocks at temperatures encountered below 14

km. Near the deformation front, the basal detachment may be within

lower Triassic shales in the vicinity of the Kingri fault. An upper

detachment may be present in lower Cretaceous shales, hosting a

passive-roof thrust.

3. An oblique culmination wall of a duplex structure is

recognized under the eastern limb of the Fort Munro structure. This

duplex is made-up of several horses of Jurassic and older rocks, and is

separated by a passive-roof thrust from overlying Cretaceous and

younger rocks. This passive-roof sequence might extend

northwestward into the Interior of the range over a distance of about

100 km.
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4. Palinspastic restoration indicates that approximately

108 km of tectonic shortening has occurred in the eastern Sulaiman

foldbelt. east of the Kingri Fault. This shortening is mostly within the

duplex sequence: the passive-roof sequence is shortened only for

about 3 km.

5. Geologic and geophysical evidence suggests that the

transition from continental to oceanic crust underlies the Sulaiman

foldbelt. Crust. of the Mesozoic rifted margin of the Indian

subcontinent plate may still he intact beneath the region. This

situation is in contrast. to the Himalayan foreland of Pakistan, where

full thickness continental crust extends at least 200 km beyond the

deformation front.
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