
Journal of the Geological Society

doi: 10.1144/0016-76492010-100
 2011; v. 168; p. 499-516Journal of the Geological Society

 
Martin Roddaz, Aymen Said, Stéphane Guillot, et al.
 
system
belt, Pakistan: implications for the palaeogeography of the Indus drainage 
Provenance of Cenozoic sedimentary rocks from the Sulaiman fold and thrust
 
 

service
Email alerting  to receive free e-mail alerts when new articles cite this articlehereclick 

request
Permission  to seek permission to re-use all or part of this articlehereclick 

Subscribe
Collection

 to subscribe to Journal of the Geological Society or the Lyellhereclick 

Notes

guest on March 7, 2011Downloaded by 

© The Geological Society of London

http://jgs.lyellcollection.org/cgi/alerts
http://www.geolsoc.org.uk/gsl/publications/page417.html
http://jgs.lyellcollection.org/site/subscriptions/


Journal of the Geological Society, London, Vol. 168, 2011, pp. 499–516. doi: 10.1144/0016-76492010-100.

499

Provenance of Cenozoic sedimentary rocks from the Sulaiman fold and thrust belt,

Pakistan: implications for the palaeogeography of the Indus drainage system
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2IsTerre, CNRS, Université Grenoble I, BP 53, 38041 Grenoble cedex, France
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Abstract: The provenance of middle Eocene to early Miocene sedimentary rocks cropping out in the

Sulaiman fold and thrust belt has been determined examining the mineralogy, bulk-rock major and trace

elements, and Nd–Sr isotopes. The older (50–30 Ma) deposits are characterized by a mixed orogenic

provenance with a major contribution from the Karakorum and the Tethyan belt (c. 80%). As the 50–30 Ma

deposits have a provenance distinct from that of coeval Subathu, Khojak and Ghazij shallow marine

formations of India and Pakistan, we propose that they were deposited as a distinct delta system that once fed

the Palaeo-Indus fan. We document a major change in provenance that occurred before the early–late

Oligocene transition at c. 30 Ma. This change in provenance is marked by the appearance of chlorite and

monazite and a shift toward more radiogenic Nd–Sr isotopic compositions. We interpret this change as the

result of the exhumation and erosion of the proto-Higher Himalaya. The 30–15 Ma sampled rocks are

characterized by a major contribution from the Tethyan belt and the Higher Himalayan Crystallines (70–90%)

and a subordinate contribution (10–30%) from the Karakorum, Ophiolitic Suture and Trans-Himalaya. As the

�Nd(0) values of our 30–15 Ma samples are similar to those of the Palaeo-Indus fan deposits, we suggest that

the 30–15 Ma sedimentary rocks of the Sulaiman fold and thrust belt were the fluvial onshore record of the

Indus fan. Other coeval deposits of India and Pakistan recorded similar increasing exhumation of the Higher

Himalaya range, so that we postulate that these sedimentary rocks all derived from the Palaeo-Indus drainage

basin. This would suggest that the modern Indus drainage basin is no younger than 30 Ma.

The Himalaya is the greatest mountain belt in the world and is

by far the most important source of sediment input to the oceans

(Summerfield & Hulton 1994; Hay 1998). Its denudation history

is thus particularly important for understanding interactions

between tectonics, erosion, and climate (Raymo & Ruddiman

1992; France-Lanord & Derry 1997). The early Himalayan

highlands were formed by the early Palaeocene and have been

shedding sediments ever since (Beck et al. 1995; Garzanti et al.

1996; Qayyum et al. 2001).

Many studies have used Neogene deposits to constrain the

erosion and exhumation histories of the Himalaya (e.g. Burbank

1992; Burbank et al. 1993; Robinson et al. 2001; DeCelles et al.

2004; Clift & Blusztajn 2005; Bernet et al. 2006; Najman 2006;

van der Beek et al. 2006). However, few studies have been

devoted to Palaeogene foreland deposits (Najman 2006; Wu et

al. 2007; Najman et al. 2008; Carter et al. 2010) because

Oligocene deposits were thought not to be present in the

Himalayan foothills (Welcomme & Ginsburg 1997; Welcomme

et al. 2001). The Eocene to early Miocene period is when the

Himalaya underwent significant crustal thickening, transition

from shallow marine to continental deposits, exhumation of the

Higher Himalaya, and initiation of the Indus drainage system

(DeCelles et al. 1998; Clift et al. 2001a,b; Robinson et al. 2001;

Sinclair & Jaffey 2001; Najman 2006).

Recent biostratigraphic studies of sedimentary rocks within

the Sulaiman fold and thrust belt of Pakistan revealed the

presence of shallow marine Eocene deposits, deltaic early

Oligocene deposits and continental late Oligocene to early

Miocene deposits (De Franceschi et al. 2008; Métais et al. 2009)

that provide a unique opportunity to add to understanding of

early orogenic growth. Based on clay mineralogy, Nd–Sr isotopic

compositions and heavy mineral assemblages, the present study

is aimed at determining the provenance and erosional history of

the western Himalaya and nature of the Indus drainage basin

during this period.

Geological background and sampling

Sediments that were eroded from the early western Himalayan

orogenic highlands during Eocene to early Miocene times were

deposited in the Indo-Pakistani western Himalayan foreland basin

(Bossart & Ottiger 1989; Burbank et al. 1996; Pivnik & Wells

1996; Najman et al. 1997), in the Sulaiman fold and thrust belt

(Waheed & Wells 1990; Jadoon et al. 1994a; Métais et al. 2009),

in the Katawaz remnant ocean to form a delta–submarine-fan

complex (Qayyum et al. 1996) and in the deep marine Indus fan

(Clift et al. 2001b) (Figs 1 and 2). We sampled 17 sandstones

and 16 mudstones from early Eocene to early Miocene deposits

of the Bugti hills in the Sulaiman fold and thrust belt (Fig. 2).

Tectonic setting of the Sulaiman fold and thrust belt

The Sulaiman fold and thrust belt (see Fig. 1 for location) is the

broadest fold and thrust belt of the Himalayan foreland basins

(Jadoon et al. 1994a). It comprises a passive roof duplex (Banks

& Warburton 1986) formed in response to the oblique collision



between the Indian subcontinent and the Eurasia plate (Jadoon

& Khurshid 1996). The initial collision event in the Sulaiman

fold and thrust belt is recorded by the emplacement of the

Muslimbagh ophiolites, which occurred either at the Cretac-

eous–Tertiary boundary (Gnos et al. 1997), or later in the

Palaeocene–early Eocene (Allemann 1979). Since the late

Oligocene–early Miocene, renewed southward thrusting has

reworked the Palaeogene deposits as the deformation front

migrated southward and eastward (Banks & Warburton 1986;

Waheed & Wells 1990). The initiation of the Chaman left-lateral

strike-slip fault occurred between the late Oligocene and the

early Miocene, when the shortening to the south of the Muslim-

bagh ophiolites became significant (25 � 5 Ma, Jadoon & Khur-

shid 1996). Southward thrusting of the Neogene deposits is still

continuing (Jadoon et al. 1994b).

The frontal portion of the Sulaiman fold and thrust belt, which

encompasses 10 000 km2 of the Sulaiman Lobe, consists of an

east–west-trending doubly plunging fold (Jadoon et al. 1994b).

Fig. 1. Simplified geological map of

Himalaya (modified from Najman 2006).

Rectangle indicates the location of Figure

2. HHC, Higher Himalayan Crystallines;

KA, Kohistan Arc; NHGD, North

Himalayan gneissic domes; NS, Northern

Suture; ITSZ, Indus–Tsangpo Suture Zone;

TM, Tso Morari. (See Table 6 for main

characteristics of these units.)

Fig. 2. (a) Generalized geological map of the Sulaiman fold and thrust belt (modified from Jadoon et al. 1994a). Box shows the location of (b). PK,

Pirkoh anticline; L, Loti anticline; ZP, Zinda Pir dome. (b) Geological map of the study area. Location of sample outcrops is indicated by black stars

(mudstones) and white triangles (sandstones). (See Table 1 for coordinates.)
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Sequential restoration of a balanced cross-section across the

Sulaiman fold and thrust belt shows that the Loti anticline (see

Fig. 2 for location) first developed as a result of a broad

concentric detachment folding at the fault tip (Jadoon et al.

1994a). This detachment was followed by the development of a

passive roof duplex. Southward propagation of the duplex

produced the Pirkoh anticline and the Bugti syncline (Jadoon et

al. 1994a).

Stratigraphy of the Sulaiman fold and thrust belt and
sampling strategy

The sedimentary succession of the Sulaiman fold and thrust belt

(Fig. 3) includes: (1) the early Eocene Ghazij Formation; (2) the

middle–late Eocene Kirthar group; (3) the Oligocene–early

Miocene Chitarwata Formation; (4) the late early to middle

Miocene Vihowa Formation; (5) the middle Miocene–Pliocene

deposits of the Siwalik group.

The early Eocene Ghazij Formation records the first evidence

of the collision between India and Eurasia (Warwick et al. 1998;

Najman 2006). It consists of marine mudstones that pass upward

to paralic sandstones and mudstones and to continental mud-

stones and conglomerates (Warwick et al. 1998) mainly derived

from reworking of sedimentary rocks plus a subordinate igneous

source that shed chromites and fragments of basic volcanic

rocks, which may be indicative of an ophiolitic source (Warwick

et al. 1998; Najman 2006). The middle–late Eocene Kirthar

group consists of carbonates, marls and mudstone shelf deposits

(Blanford, 1879; Williams 1959; Shah 1977; Gingerich et al.

1979). The Oligocene–early Miocene Chitarwata Formation

consists of deltaic deposits at its base that grade upward to

fluvial deposits (Métais et al. 2009). The Chitarwata Formation

is widely exposed throughout the eastern part of the Sulaiman

Range, and consists of coastal, deltaic, and fluvial deposits that

have yielded numerous fossil vertebrates ranging from the

earliest Oligocene to the late early Miocene (Antoine et al.

2010). At Chitarwata Post in the Zinda Pir dome (see location in

Fig. 2a), the thickness of the Chitarwata Formation is c. 567 m

(Lindsay et al. 2005) whereas in our study area, it does not

exceed 260 m (Fig. 4). In the Zinda Pir area, the Chitarwata

Formation was originally considered as entirely early Miocene in

age on the basis of vertebrate fossil assemblages (Downing et al.

1993) and preliminary magnetostratigraphical data (Friedman et

al. 1992). However, Lindsay et al. (2005) reinterpreted the

magnetostratigraphical sequence of the Zinda Pir area in the light

of new biostratigraphical data of Welcomme et al. (2001) and

assigned an Oligocene–Early Miocene age to the Chitarwata

Formation. The base of the fossiliferous sequence of the

Chitarwata Formation in the Bugti Hills (0 and C2 horizons, Fig.

4) is early Oligocene in age as indicated by the foraminiferan

and mammal biostratigraphy (Welcomme et al. 2001; Métais et

al. 2009). As emphasized by these later researchers, the apparent

discrepancy in age between deposits of the Zinda Pir area and

those of the Bugti Hills could be due to the existence of many

stratigraphic hiatuses. These hiatuses render the correlation

between these two areas difficult to establish and explain the fact

that the lower Member of the Chitarwata Formation (‘Bugti

Member’) is a condensed sequence that may represent a time

interval not yet recorded elsewhere in the Sulaiman fold and

thrust belt (Fig. 4). The basal contact of the Chitarwata Forma-

tion with the Kirthar group is unconformable (Welcomme et al.

2001). The early to middle Miocene Vihowa Formation, made up

of fluvial sandstones and microconglomerates associated with

lacustrine marls, conformably overlies the Chitarwata Formation

Fig. 3. Stratigraphical chart and depositional setting of western

Himalayan sediment repositories (adapted from Najman 2006). Fm,

Formation; Mb, Member.
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(Métais et al. 2009). Overlying the Vihowa Formation are fluvial

deposits of the Siwalik group (Welcomme et al. 2001). Palaeo-

current measurements from planar cross-bedded and trough

cross-bedded sandstones of the Chitarwata and Vihowa forma-

tions support a dominant southeastward palaeoflow direction

during the deposition of these formations (Downing & Lindsay

2005). Waheed & Wells (1990) found a similar southward

direction in the formation they called the post-Oligocene molasse

of the Sulaiman Range, which is time equivalent of the

Chitarwata and Vihowa formations.

To study further the provenance of these rocks, 17 sandstones

(Z-01 to Z-17) and 16 mudstones (PAK 1 to PAK 16) from the

Ghazij Formation, Kirthar group and Chitarwata and Vihowa

formations were collected in 2004. Sample locations are shown

in Table 1 and Figure 2. Figure 4 locates the samples in a

composite stratigraphical column of the area (Fig. 4). The age of

the samples ranges from early Eocene (c. 50 Ma) to early

Miocene (18–15 Ma, Fig. 4).

Previous results on the provenance of coeval Eocene to
early Miocene sedimentary rocks

Foreland basin of India. The foreland basin of India contains late

Palaeocene–middle Eocene marine deposits of the Subathu

Formation, and Oligocene–Miocene alluvial deposits of the

Dagshai, Kasauli and Dharamsala formations (Fig. 3). The

contact between the Subathu and Dagshai formations remains

disputed. According to Najman et al. (2004), the contact is sharp

and the base of the Dagshai Formation is characterized by a

fluvial quartz-rich White Sandstone unit. Recent studies inter-

preted this White Sandstone unit as forced regressive shoreface

deposits and proposed that this unit marked the top of the

Subathu Formation (Bera et al. 2008, 2010) with a contact

between the Subathu and Dagshai formations marked by an

unconformity that constitutes the top of the White Sandstone

unit.

Petrographic data indicate a predominant sedimentary prove-

nance for the Subathu Formation with subordinate felsitic and

rare serpentinite schist. Heavy mineral analyses show the

predominance of spinel derived from an ophiolitic or arc source,

which is in agreement with high Ni and Cr contents in the

Subathu mudstones (Najman & Garzanti 2000). �Nd(0) values of

the Subathu Formation range from �7.8 to �10.8 with 87Sr/86Sr

ratio varying between 0.708 and 0.717 (Najman et al. 2000; Bera

et al. 2010). These Nd–Sr isotopes suggest a mixed northern

provenance with contributions from the Tethys Himalaya and the

Indus–Tsangpo Suture Zone (Najman et al. 2000). The White

Sandstone unit and the deposits of the Daghsai Formation

recorded a major change in provenance. Lithic fragments of very

low-grade to low-grade metamorphic material are dominant

(Najman & Garzanti 2000; White et al. 2002). �Nd(0) values are

more negative (�12.7 to �25.4) and 87Sr/86Sr ratio are more

radiogenic (0.722–0.773) than those of the deposits of the

Subathu Formation (Najman et al. 2000; Bera et al. 2010).

Compared with the underlying Subathu Formation, mafic input

decreases as attested by decreasing Ni and Cr content, very rare

occurrences of spinel (Najman & Garzanti 2000), and a change

in Nd–Sr isotopic compositions. Associated with occurrences of

zircon and ‘Himalayan-aged’ micas, and the presence of lithic

fragments of very low-grade to low-grade metamorphic material,

these Nd–Sr isotopic compositions suggest that the White Sand-

stone unit and the Dagshai deposits were derived from the upper

crustal levels of Higher Himalaya (Najman 2006). This dramatic

change in provenance, with the elimination of the igneous source

Fig. 4. Composite stratigraphic section of Cenozoic deposits of the study

area and the location of mudstones (PAK1 to PAK16) and sandstones (Z-01

to Z-17) within the series. To the left, standard ages are those provided by

Gradstein & Ogg (2006). In the middle column, the numeric ages provided

are tentative and based on biochronology (M, mammals; S, selachians; F,

foraminiferans). Modified from Welcomme et al. (2001), Antoine et al.

(2003, 2004, 2010), Adnet et al. (2007) and Métais et al. (2009).
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and the appearance of a metamorphic source, is interpreted to

result from the suddenly accelerated surface uplift of the Tso

Morari North Himalayan gneissic unit and Zanskar Higher

Himalayan Crystallines by Oligocene times (Bera et al. 2010).

Nd–Sr isotopic compositions of the overlying Kasauli Formation

are similar to that of the Dagshai Formation, but petrography and

heavy mineral data indicate erosion of the deeper level of the

Higher Himalayan Crystallines with the appearance of garnet of

almandine type (Najman & Garzanti 2000). Nd–Sr isotopic

compositions and Ar–Ar age of detrital mineral as well as

petrographical and heavy mineral data document rapid erosion of

the Higher Himalayan Crystallines during the deposition of the

Lower Dharamsala Member (20–17 Ma) (White et al. 2002).

The deposition of the Upper Dharamsala Member (17–13 Ma) is

accompanied by an abrupt change in the petrographical charac-

teristics and mica age populations. A major influx of micas

having pre-Himalayan ages, and input of sedimentary and very

low- to low-grade metamorphic lithic fragments documented an

additional source interpreted as an unmetamorphosed or low-

grade Higher Himalayan protolith (White et al. 2002).

Foreland basin of Pakistan (excluding Sulaiman fold and thrust

belt). The peripheral foreland basin of Pakistan is filled with

Palaeocene–Eocene marine deposits known under various local

names (including the Ghazij group) unconformably overlain by

Oligocene–Miocene deltaic to continental deposits of the Murree

Formation and by deposits of the Kamlial Formation (Fig. 3) that

were magnetostratigraphically dated at 18–14 Ma (Johnson et al.

1985). The Balakot Formation is considered to be part of the

Murree Formation (Najman 2006).

Detrital modes indicate a predominant sedimentary source

with some metamorphic input for early to middle Eocene marine

deposits of the Ghazij group (Pivnik & Wells 1996). Oligocene–

Miocene red beds of the Murree Formation contain both low-

grade metasedimentary to sedimentary detritus derived from

proto-Himalayan thrust sheets and volcanic to ophiolitic detritus

derived both from the arc and suture zone (Critelli & Garzanti

1994). Chromite composition is similar to that found in the

Indian foreland Subathu Formation (Najman & Garzanti 2000).

This major change from a sedimentary source for Eocene marine

deposits to a metamorphic sources for the Oligocene–Miocene is

interpreted to document the first major input from the rising

Himalaya thrust belt (Najman 2006). The sedimentary rocks of

the Kamlial Formation are characterized by a dominant mag-

matic arc provenance and ‘subordinate contribution from a

rapidly exhuming source’ (Najman et al. 2003).

Katawaz remnant ocean basin. The deposits of the Katawaz

basin consist of late Eocene to early Miocene deltaic and

submarine fan turbidites of the Khojak Formation (Qayyum et al.

1996, 2001; Fig. 3). They were interpreted to represent the

Palaeogene Indus delta–fan complex (Qayyum et al. 1997).

Lithic fragments are dominated by sedimentary clasts, followed

by subordinate low-grade metamorphic clasts and rare volcanic

lithic fragments (Qayyum et al. 2001). The proportion of low-

grade metamorphic clasts rises during the Oligocene (Qayyum et

al. 2001). Accessory minerals include titanite, zircon, magnetite,

hornblende, olivine pyroxene, epidote, glauconite and pyrite, as

described by Qayyum et al. (2001). According to those research-

ers, the predominance of sedimentary and low-grade meta-

Table 1. Location, age and average grain size (mud or sand) for analysed sediments

Sample Locality Formation Age Type Latitude (8N) Longitude (8E)

PAK 15 Paali Vihowa Early Miocene Mudstone 28.83915 69.13851
PAK 14 Paali Vihowa Early Miocene Mudstone 28.84345 69.13842
PAK 13 Kumbi Chitarwata Late Oligocene Palaeosol 29.00396 68.94769
PAK 12 Kumbi Chitarwata Late Oligocene Palaeosol 29.00202 68.94771
PAK 11 Kumbi Chitarwata Late Oligocene Mudstone 29.00053 68.94819
PAK 10 Kumbi Chitarwata Late Oligocene Mudstone 28.99828 68.94692
PAK 7 Paali Chitarwata Late Oligocene Mudstone 28.8496 69.14032
PAK 16 Lundo Chitarwata Late Oligocene Mudstone 28.86073 69.06124
PAK 9 Paali Chitarwata Late Oligocene Mudstone 28.8508 69.14271
PAK 8 Paali Chitarwata Early Oligocene Mudstone 28.85213 69.14321
PAK 5 Beamshai Khirtar Middle Eocene Mudstone 28.85278 69.13841
PAK 6 Paali Khirtar Middle Eocene Mudstone 28.85428 69.14397
PAK 4 Sajji Khirtar Middle Eocene Mudstone 28.85048 69.17015
PAK 3 Sajji nord Khirtar Middle Eocene Mudstone 28.86119 69.1812
PAK 2 Habib Rahi Khirtar Middle Eocene Mudstone 29.09291 69.0436
PAK 1 Habib Rahi Ghazij Early Eocene Mudstone 29.09291 69.0436
Z-01 Harga Vihowa Early Miocene Sand 28.97289 69.18997
Z-05 Paali Chitarwata Early Miocene Sand 28.84785 69.14476
Z-08 Kumbi Chitarwata Early Miocene Sand 29.00396 68.94769
Z-09 Harga Chitarwata Early Miocene Sand 28.96028 69.19535
Z-12 Habib Rahi Chitarwata Early Miocene Sand 29.08519 69.04289
Z-14 Lundo Chitarwata Early Miocene Sand 28.85844 69.06775
Z-15 Tobah Chitarwata Early Miocene Sand 28.86719 69.00054
Z-02 Paali Chitarwata Late Oligocene Sand 28.84785 69.14476
Z-17 Habib Rahi Chitarwata Late Oligocene Sand 29.08581 69.04258
Z-13 Lundo Chitarwata Late Oligocene Sand 28.85977 69.07256
Z-11 Tobah Chitarwata Late Oligocene Sand 28.87113 68.99616
Z-06 Paali Chitarwata Late Oligocene Sand 28.84891 69.14551
Z-16 Pazbogi Chitarwata Late Oligocene Sand 28.84881 69.15456
Z-07 Paali Chitarwata Early Oligocene Sand 28.85059 69.14419
Z-04 Beamshai Chitarwata Early Oligocene Sand 28.85861 69.14113
Z-10 Tobah Chitarwata Early Oligocene Sand 28.87016 68.99554
Z-03 Paali Chitarwata Early Oligocene Sand 28.85452 69.14393
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morphic clasts suggests early derivation from a collision orogen,

and the scarcity of volcanic lithic fragments dismisses the

magmatic arc as a main source. A recent multidisciplinary

provenance study involving sediment petrography, U–Pb and

fission-track dating of detrital zircon suggested a similar prove-

nance for Palaeogene deposits of the Katawaz basin and of the

Makran region of southern Iran, consistent with a source in the

nascent western Himalaya and associated magmatic arc (Carter

et al. 2010).

Indus fan. Significant pre-Miocene deposits have been identified

from offshore seismic data and drilling on the Owen Ridge in the

Oman Sea (Deep Sea Drilling Project (DSDP) Site 224). Based

on subsurface data, Clift et al. (2001b) estimated that 35% of the

Indus fan sediments predate the early Miocene uplift of the

Murray Ridge (c. 22 Ma). Minerals present in the sediment

include hornblende, pyroxene, monazite, garnet, sillimanite,

kyanite and muscovite (Kidd & Davies 1978; Najman 2006).

�Nd(0) values of middle Eocene to middle Oligocene Indus fan

deposits range from �10.9 to �13.07 (mean c. �11.9) with the

exception of one anomalous sample having �Nd(0) of �5.52

(Clift et al. 2001b). Late Oligocene to early Miocene Indus fan

deposits have similar �Nd(0) values to those of middle Oligocene

to middle Eocene (�11.10 to �12.43; mean c. �11.5; Clift et al.

2001b). Unradiogenic detrital K-feldspar Pb isotopic composi-

tions and �Nd(0) values less negative than those in the Higher

Himalaya suggest contributions from igneous rocks in, or north

of, the suture zone (Clift et al. 2001b). However, a strictly

Himalayan source is disputed because no evidence of Palaeogene

material of sufficient metamorphic grade has been found inland

(Najman 2006).

Analytical methods

Each heavy mineral was obtained via a standard separation of

2 kg samples, first in the field using a sand pan, then in the

laboratory following standard heavy mineral separation techni-

ques. Heavy minerals were then inspected under an optical

microscope and grouped into species that have the same optical

properties. The minerals were identified by means of scanning

electronic microscopy (SEM) at the Laboratoire des Mécanismes

et Transferts en Géologie (University of Toulouse).

The mineralogical composition of the 16 mudstones was

determined by X-ray diffraction (XRD) using a Philips PW1050

diffractometer (INGEIS) with Cu K radiation operated at 40 mA

and 30 kV. The 16 mudstones were then analysed for major and

trace element concentrations and Nd–Sr isotopic compositions.

Major elements were measured by inductively coupled plasma

atomic emission spectrometry (ICP-AES) (Thermo-Electron, Iris

Intrepid II). The international geostandard SRM 1646a estuarine

sediment was used to check the efficiency of both the acid

digestion protocol and the analysis. Our measurements are in

good agreement (close to 5%) with the recommended values.

Trace element concentrations were measured by inductively

coupled plasma mass spectrometry (ICP-MS) (Perkin Elmer,

Elan 6000) and Nd–Sr isotopic ratios were measured by thermal

ionization mass spectrometry (TIMS) using a Finnigan Mat 261

system in dynamic mode following Roddaz et al. (2005, 2006).

The measured 143Nd/144Nd ratios are presented as the fractional

deviation in parts per 104 (units) from 143Nd/144Nd in a

Chondritic Uniform Reservoir (CHUR) as measured at the

present day: �Nd(0) ¼ [(143Nd/144Nd)S/ICHUR(0) � 1] 3 104,

where (143Nd/144Nd)S is the present-day ratio measured in the

sample and ICHUR(0) is the 143Nd/144Nd in the CHUR reference

reservoir at the present (ICHUR(0) ¼ 0.512638; (Jacobsen &

Wasserburg 1980).

Results

Mineralogy

Clay mineralogy of mudstones. The results are reported in Table

2. The lacustrine marl samples PAK 4, PAK 5 and PAK 6

(middle Eocene) consist of calcite and kaolinite and do not

contain quartz. Post-Eocene samples are characterized by the

occurrence of quartz and smectite. The late Oligocene–early

Miocene samples contain detrital chlorite and mica. These

minerals are absent in the Eocene–early Oligocene sedimentary

rocks with the exception of sample PAK 2, which contains white

mica.

Heavy minerals. Detrital garnet, tourmaline, staurolite, and alu-

minosilicates are present in variable proportions in all the

analysed samples (i.e. since the early Oligocene; Table 3). Early

Table 2. Mineralogical composition and relative abundance (*) of analysed mudstones

Age, sample Quartz Calcite Kaolinite Smectite Micas Chlorite

Early Miocene
PAK 15 ���� ** * * *
PAK 14 ���� ** * * * *
Late Oligocene
PAK 13 ���� * * * *
PAK 12 ���� * *
PAK 11 ���� * * * *
PAK 10 ���� * * * *
PAK 7 ���� ** * * *
PAK 16 ���� * * ** *
PAK 9 ���� * * *
Eocene–Early Oligocene
PAK 8 ���� * *
PAK 5 ���� *
PAK 6 ���� *
PAK 4 ���� *
PAK 3 ���� ** * *
PAK 2 ���� * **
PAK 1 ���� ** * *
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Oligocene samples Z-03, Z-04, and Z-10 contain stick-shaped

tourmaline, which is absent in early Oligocene Z-07 samples and

other late Oligocene–Miocene samples (Table 3). Chromite and

monazite appear in the late early Oligocene Z-07 sample,

stratigraphically the youngest sample before the early–late

Oligocene transition (Fig. 4 and Table 3). Chromite content

increases throughout the late Oligocene and early Miocene

(Table 3). Three samples (Z-07, Z-06 and Z-16) contain celestine

(Table 3). Zircon grains were found in the middle part of the late

Oligocene sedimentary succession (Z-11) up to the early Mio-

cene (Table 3). Early Miocene samples are characterized by the

presence of epidote. The abundance of epidote increases in the

late early Miocene (Z-01, Table 3).

Trace element geochemistry and Nd–Sr isotopes of
mudstones

The REE contents of the analysed samples were compared with

average Post Archaean Australian Shales (PAAS; Taylor &

McLennan 1985), which are considered to be representative of

the upper continental crust composition.

Eocene–early Oligocene. Compared with PAAS, the Eocene–

early Oligocene samples are slightly depleted in light rare earth

elements (LREE), enriched in middle rare earth elements

(MREE) and depleted in heavy rare earth elements (HREE), and

show positive Ce anomalies (Fig. 5). Th, Zr and Hf are depleted

relative to PAAS (Table 4) and there are lower Eu anomalies

(0.68–0.71) and higher Cr/Th ratios (8–21) than in PAAS. Th/Sc

ratios are scattered, ranging from 0.67 (0.7 3 PAAS) to 3.68

(4 3 PAAS).

The Eocene–early Oligocene samples have �Nd(0) values

ranging from �8.5 to �9.8. Except for the stratigraphically

youngest sample (PAK 8), the 87Sr/86Sr ratio varies between

0.708 and 0.712 (Table 5).

Late Oligocene. With the exception of PAK 13, the late Oligo-

cene samples are depleted in REE compared with PAAS (Fig. 5).

All of these samples have similar REE patterns with a positive

Ce anomaly and enrichment in LREE and MREE compared with

HREE (Fig. 5). They are depleted in Zr relative to PAAS (Table

4). They have variable Th/Sc ratios (0.83–1.79), Cr/Th ratios

(6–13) and Eu anomalies (0.60–0.73). These ratios are not

correlated.

The late Oligocene samples have more negative �Nd(0) (�9.9

to �13.3) and more radiogenic 87Sr/86Sr ratio (0.712–0.724) than

those of Eocene–early Oligocene samples (Table 5 and Fig. 6).

Early Miocene. Compared with PAAS, the early Miocene sedi-

mentary rocks are depleted in LREE and HREE. REE patterns are

similar to those of other series, with enrichment in LREE over

HREE (Fig. 5). Th, Zr and Hf are depleted relative to PAAS (Table

4), with variable Eu anomalies (0.62–0.69) and Cr/Th ratios (6–

11), and similar Th/Sc ratios (1.23 and 1.24). The sample with the

highest Eu anomaly (PAK 14) has Th/Sc ratios similar to those of

the sample with the lowest Eu anomaly (PAK 15).

PAK 14 has �Nd(0) and 87Sr/86Sr values similar to those of the

late Oligocene samples. PAK 15 records an increase of �Nd(0)

value associated with a decrease of its 87Sr/86Sr ratio.T
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Discussion

Provenance of the analysed deposits

REE and Eu anomaly as well as elemental ratios (Cr/Th and Th/

Sc) have proven to be useful tools for determining the composi-

tion of the source area of sediments (Taylor & McLennan 1985;

McLennan et al. 1993). Sedimentary processes can modify the

chemical composition of mudstones during and after their

deposition by favouring the accumulation of heavy minerals such

as zircon and monazite. This accumulation in turn can modify

the concentrations of certain elements (REE, Th, Zr and Hf) and

elementary ratios (Cr/Th, Th/U, Th/Sc) that are classically used

to determine the provenance of sediments (McLennan et al.

1993). For instance, enrichment in zircon will enrich the

sediment in Zr, Hf and HREE, whereas enrichment in monazite

will coincide with enrichment in REE (McLennan et al. 1993).

All of the analysed sedimentary rocks are depleted in Th, Zr,

Hf and HREE relative to PAAS, and they show enrichment in

LREE over HREE, which suggests that heavy minerals did not

influence the chemical composition of the analysed samples.

The Sr and Nd isotopic compositions of the 16 samples are

reported in a �Nd(0) v. 87Sr/86Sr diagram (Fig. 7). To determine

if the samples are consistent with derivation from the Himalaya,

we compared our values with Himalayan bedrock and with

coeval samples of known Himalayan derivation (Subathu and

Post-Subathu deposits of Najman et al. (2000) and Bera et al.

(2010)). Also plotted in Figure 7 are Nd–Sr isotopic composi-

tions of Pleistocene to Holocene Indus-derived sediments (Kes-

sarkar et al. 2003). Potential sources for our sedimentary rocks

include western Himalayan subunits and the northwestern Indian

craton, all defined in Table 6 and mapped in Figure 1.We exclude

the Lesser Himalayan rocks because exhumation of this unit

started during the late Miocene (12–10 Ma; Huyghe et al. (2001)

or c. 11 Ma (Najman et al. 2009), well after the stratigraphically

youngest studied sample.

The analysed samples define two distinct groups. The first

consists of Eocene–early Oligocene samples and the stratigraphi-

cally youngest sample (PAK 15), and is characterized by �Nd(0)

values less negative than �10 (�8.5 to �9.8; mean c. �9.40)

and by 87Sr/86Sr ranging from 0.708 to 0.718. The second group

comprises late Oligocene to early Miocene samples and is

characterized by slightly more radiogenic Sr isotopic composition

(0.712–0.721; mean c. 0.717) and more negative �Nd(0) values

(�9.9 to �13.2; mean c. �11.8).

Provenance of 50–30 Ma sedimentary rocks. Early Oligocene

samples Z-03, Z-04 and Z-10 have similar heavy mineral

assemblages and are stratigraphically situated between Early

Oligocene samples PAK 5 and PAK 8 (Fig. 4). We note a change

in heavy mineral assemblage for late Early Oligocene Z-07

sample, stratigraphically situated between PAK 8 and PAK 9

(Fig. 4 and Table 3). We assume that samples PAK 16 and PAK

8 and Z-03, Z-04 and Z-10 have similar provenance because no

significant change in their mineralogical or isotopic composition

is recorded.

Heavy mineral assemblages of samples Z-03, Z-04 and Z-10

(garnet, staurolite, tourmaline and aluminosilicate) suggest deri-

vation from a metamorphic source. The Indian craton (including

Archean Banded Gneiss Complex and the Bundelkhand Complex

of the Aravalli belt and Aravalli and Delhi Proterozoic super-

groups) contains significant metamorphic rocks and could con-

stitute this metamorphic source. High-grade metamorphic

Archaean rocks are characterized by negative �Nd(0) values
Fig. 5. Concentrations of the REE for Palaeogene to Neogene samples

normalized against PAAS (Taylor & McLennan 1985).
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(, �30) and very high radiogenic 87Sr/86Sr ratios (.0.800)

(Peucat et al. 1989; Saha et al. 2004; Chakrabarti et al. 2007;

Najman et al. 2008), which is not the case with the Nd–Sr

isotopic compositions of the Eocene–early Oligocene sedimen-

tary rocks we analysed. Hence, we dismiss a strictly Archaean

source. To our knowledge, no Nd–Sr isotopic composition for

the Aravalli and Delhi Proterozoic supergroups is available.

However, when compared with �Nd(0) values of other Indian

shield Proterozoic sedimentary rocks, which are more negative

than �13.8 (Table 6), the Eocene–early Oligocene sedimentary

Table 5. Nd and Sr isotopic compositions in analysed mudstones

Sample Sr (ppm) Nd (ppm) 143Nd/144Nd �2� �Nd(0) 87Sr/86Sr �2�

PAK 15 392.30 16.68 0.512164 7 �9.25 0.711687 9
PAK 14 182.37 24.21 0.512029 6 �11.88 0.716867 10
PAK 13 347.50 32.76 0.512009 9 �12.27 0.713070 10
PAK 12 53.66 24.70 0.512090 9 �10.69 0.711854 9
PAK 11 134.20 25.10 0.512133 8 �9.85 0.717740 9
PAK 10 115.79 22.54 0.512038 8 �11.70 0.721463 10
PAK 7 117.45 18.31 0.511999 7 �12.47 0.717557 8
PAK 16 142.34 23.80 0.511959 6 �13.25 0.724431 8
PAK 9 178.78 15.40 0.512023 7 �12.00 0.712894 9
PAK 8 121.25 44.06 0.512148 7 �9.56 0.718066 8
PAK 5 537.70 1.21 0.512157 9 �9.38 0.708067 11
PAK 6 668.06 1.97 0.512135 15 �9.81 0.708079 17
PAK 4 900.75 6.88 0.512138 8 �9.75 0.708189 16
PAK 3 295.76 33.19 0.512163 10 �9.27 0.710253 8
PAK 2 155.24 32.51 0.512202 8 �8.51 0.712224 11
PAK 1 273.16 30.30 0.512151 6 �9.50 0.710098 9

Fig. 6. Stratigraphical variations of �Nd(0)

and 87Sr/86Sr values for analysed samples.
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rocks have lower �Nd(0) value. These samples have also lower
87Sr/86Sr ratio and higher �Nd(0) values than that of the modern

Daramador cratonic river sand (Table 6). In addition, heavy

mineral assemblages of modern rivers (Betwa and Chambal

rivers, Table 3) draining the Aravalli belt differ from the

Eocene–early Oligocene heavy minerals so far identified. Heavy

mineral assemblages of these modern cratonic rivers consist

predominantly of amphibole (25–38%), epidote (14–15%),

garnet (19–36%) and opaque minerals (14–20%) for the Cham-

bal river, and of amphibole (8–19%), epidote (24–27%) and

opaque minerals (39–67%) for the Betwa river (Sinha et al.

2009). Zircon is also present in minor quantity (c. 1%, Sinha et

al. 2009). Amphibole, epidote and zircon are lacking in the

Eocene–early Oligocene sedimentary rocks. We acknowledge

that the lack of unstable species (amphibole, pyroxene) could

indicate extensive diagenetic dissolution (Garzanti & Andò

2007) but this is not the case for epidote and zircon. For these

reasons, a significant contribution of the Indian shield seems

unlikely. Instead, these sedimentary rocks may have an orogenic

Himalayan-derived provenance.

Nd–Sr isotopic compositions of the analysed samples plot

close to and within the field of the isotopic compositions of the

coeval Eocene Subathu Formation (Fig. 7). Based on these Nd–

Sr isotopic ratios, Najman et al. (2000) suggested a mixed

northern provenance with contributions from the Tethys Hima-

laya and the Indus–Tsangpo Suture Zone (Ophiolitic Suture).

However, as our heavy minerals show metamorphic input, this

suggests additional contributions of a high- to medium-grade

metamorphic source. We dismiss the Higher Himalayan Crystal-

lines as a potential source because of the lack of low-grade

metamorphic minerals. If this unit were exposed at that time, its

less metamorphosed cover would have already been eroded (e.g.

Haimanta), which should be reflected in the mineralogy of the

samples we analysed by the presence of low-grade metamorphic

minerals. The two sources exposed at that time that are

characterized by the occurrence of metamorphic minerals are the

North Himalayan gneissic domes and the Karakorum Mountains.
40Ar/39Ar and fission-track data show that by 40 Ma, these deep

units had already been exhumed (van der Beek et al. 2009).

Hence, the potential sources of 50–30 Ma sedimentary rocks

are the Karakorum Mountains, the Transhimalaya Zone, the

Ophiolitic Suture, the North Himalayan gneissic domes and the

Tethys Himalaya. With the identification of these possible

sources, it is possible to quantitatively estimate the relative

contribution of each of them. Because the North Himalayan

gneissic domes comprise metamorphosed sedimentary rocks

from the Tethys Himalaya (Guillot et al. 2008) and because both

types of rocks have similar isotopic compositions (Table 6), we

group the North Himalayan gneissic domes and the Tethys

Himalaya as a unique end-member, termed hereafter Tethys

Himalaya. Simple mixing calculations were performed to evalu-

ate the relative contribution of each of the end-members, namely

Karakorum, Ophiolitic suture, Trans-Himalaya, and Tethys

Himalaya. The approach was to search for best-fit solutions that

would most closely reproduce the Nd isotopic composition

expressed as �Nd(0) and Nd concentration of each sample and

would also yield Sr isotopic composition and Sr concentrations

in agreement with our data (Table 7). No perfect match could be

obtained, especially for the Sr concentration and isotopic compo-

sitions, probably as a result of post-depositional processes and

because Sr is sensitive to seasonal variations (Viers et al. 2008).

The best fit was obtained with major contributions from the

Karakorum (40%) and from the Tethys Himalaya (40%) and

subordinate contributions from the Ophiolitic Suture (10%) and

Trans-Himalaya (10%).

Provenance of 30–22 Ma sedimentary rocks. The early to late

Oligocene transition is marked by a shift toward more negative

�Nd(0) values, an increase in 87Sr/86Sr ratios and a strong

lowering in REE contents (Tables 4 and 5, Figs 5–7). From a

mineralogical point of view, chlorite is present in PAK 9 (late

Oligocene sample), whereas it is absent in PAK 8 (early

Oligocene sample). These changes are accompanied by a change

in heavy mineral assemblages just before the early–late Oligo-

cene transition. Sample Z-07, late early Oligocene in age (c.

30 Ma) but stratigraphically between PAK 8 and PAK 9, is

characterized by the occurrence of monazite, chromite and

celestine but lacks stick-shaped tourmaline.

The shift toward more negative �Nd(0) values and more

radiogenic 87Sr/86Sr ratios could indicate a contribution from

Archaean Indian cratonic rocks. However, a significant contribu-

tion of the Indian craton can be ruled out as the heavy minerals

identified are different from those of Indian cratonic rivers,

which consist mainly of epidote, amphibole, garnet and opaque

minerals (Table 3; Sinha et al. 2009). Rather, more negative

�Nd(0) values and the appearance of chlorite and monazite

suggest the contribution of a new metamorphic source. Similar

shift toward more negative �Nd(0) values and dominant lithic

metamorphic fragments are recorded in the Oligocene Indian

foreland deposits of the White Sandstone unit and Dagshai

Formation (Najman et al. 2000; Bera et al. 2010). These are

interpreted to document the erosion of either the North Himala-

yan gneissic domes or the Higher Himalayan Crystallines (Naj-

man et al. 2000; Bera et al. 2010). Previous studies of Pakistan

Fig. 7. 87Sr/86Sr–�Nd(0) diagram for analysed sedimentary rocks. ITSZ,

Indus–Tsangpo Suture Zone. Data for Indus–Tsangpo Suture Zone,

Tethys Himalaya and Higher Himalayan Crystallines fields have been

given by Najman (2006). Subathu field includes data from Najman et al.

(2000) and Bera et al. (2010). Post-Subathu field consists of Nd–Sr

isotopic composition of basal Dagshai White Sandstones (Bera et al.

2010) and Daghsai and Kasauli deposits (Najman et al. 2000; Bera et al.

2010). Also shown is the field of Indus deposits (Kessarkar et al. 2003).
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foreland deposits indicated that exhumation of the western

Higher Himalayan Crystallines occurred during the early

Miocene (Najman et al. 2003). Oligocene material was long

considered to be absent in the Himalaya foothills, but even so, an

exhumation of the Higher Himalayan Crystallines at c. 30 Ma is

not precluded. Additional evidence for a contribution of the

Higher Himalayan Crystallines during the Oligocene includes the

overall more radiogenic Sr isotopic composition of the Oligocene

samples than those of the 50–30 Ma old sedimentary rocks and

the appearance of zircon, which is likely to be related to the

exhumation of Higher Himalayan granites and gneisses.

The presence of chromite in Himalayan orogenic-derived

detritus is used as an indicator for the exhumation and erosion of

ophiolitic rocks (Critelli & Garzanti 1994; Warwick et al. 1998).

Chromite is abundant at the base of the obducted ophiolites in

Northwest Himalaya (Mahéo et al. 2004) but also in the

Kohistan–Ladakh arc (Khan et al. 1989) and in the western

ophiolite belt of Pakistan (Bela–Muslim Bagh–Zhob–Waziri-

stan; Arif & Qasim Jan 2006). The appearance of chromite in

our late early Oligocene samples suggests deep incision of either

the Ophiolitic Suture (Northern Suture, Indus–Tsangpo Suture

Zone) or the ophiolite belt of Pakistan.

As for the 50–30 Ma sedimentary rocks, we estimated the

relative contribution of potential sources identified for 30–22 Ma

samples. Best fits were obtained with a major contribution from

the Tethys Himalaya (35–45%) and from the Higher Himalayan

Crystallines (35–45%) and a subordinate contribution (10–30%)

of the Karakorum, Ophiolitic Suture and Trans-Himalaya (Table

7). We note that using the Nd–Sr isotopic data alone, it is

difficult to make a clear distinction between the Higher Himala-

yan crystallines and their cover (Haimanta, Tethyan Sedimentary

Series), so the proportions calculated here should be regarded

with caution. Nevertheless, our data clearly record exhumation of

the Higher Himalayan Crystallines and/or its cover.

The late Oligocene samples (PAK 11 and PAK 12) have higher

�Nd(0) values, close to those found for the Eocene–early

Oligocene group. We have no definite explanation for these

samples because this change is not recorded by the mineralogy.

Provenance of 22–15 Ma sedimentary rocks. No major change in

provenance indicators is found between the 30–22 Ma sedimen-

tary rocks and the 22–15 Ma samples except for the appearance of

epidote. Heavy minerals of the latter samples are garnet, zircon,

tourmaline, staurolite, epidote, monazite, and chromite. Associa-

tions of garnet, epidote, tourmaline, staurolite, and zircon were

found in the late Oligocene–early Miocene Himalayan foreland

deposits and were interpreted as sourced in the Higher Himalayan

Crystallines (Singh et al. 2004). The two analysed samples of this

formation show contrasting Nd–Sr isotopic compositions (Figs 5

and 6). The oldest sample (PAK 14) has a Nd–Sr isotopic

composition similar to those of the late Oligocene group, whereas

the youngest one (PAK 15) displays Eocene–early Oligocene

isotopic characteristics (Figs 5 and 6). Because PAK 14 has similar

isotopic and mineralogy to late Oligocene samples, we suggest

that it had a similar provenance. We have no definite explanation

for the lower �Nd(0) values and less radiogenic 87Sr/86Sr ratios of

sample PAK 15. Further sampling is needed to explore whether

this sample is representative of a change in provenance.

A scenario for the evolution of the Indus drainage basin
during the Palaeogene

The course of the lower reaches of the Indus River during the

Palaeogene remains controversial; in particular, the emplacement

of the Palaeo-Indus delta–fan complex and its onshore connec-

tion. Two loci have been proposed for the emplacement of the

delta–fan complex. Based on the thickness and the ‘Himalayan’

sedimentary provenance of the Khojak Formation, Qayyum et al.

(1996, 2001) suggested that the Palaeogene delta–fan complex

(termed the Khojak fan) was preserved as the Palaeogene Khojak

Formation in the Katawaz Basin and eastern Makran. Accessory

minerals of the Palaeogene Khojak Formation do not indicate a

metamorphic source, in contrast to the data presented in this

study. This would suggest that sediments of the Sulaiman fold

and thrust belt in Pakistan were not part of the Katawaz drainage

system. Because 35% of the Indus fan sediments are estimated to

predate the Miocene, Clift et al. (2001b) proposed that the locus

of the Indus fan has remained unchanged since the Palaeogene.

The sedimentary rocks analysed by Clift et al. (2001b) have

�Nd(0) values and K-feldspar Pb isotopic compositions similar to

those of the Pleistocene Indus fan, which led those researchers to

assume that they have similar provenance and that the Indus

River initiated during Eocene times. The heavy mineral assem-

blage of Palaeogene Indus fan requires the contribution of

metamorphic and igneous rocks (Najman 2006). None of the

coeval shallow marine or deltaic formations of Pakistan and

India have a significant metamorphic source, with the exception

of the 50–30 Ma samples, which suggest that these shallow-

marine to deltaic sediments could be the coastal record of the

metamorphic source found in the Palaeogene Indus fan. How-

ever, this is unlikely, as Palaeogene Indus fan sedimentary rocks

have �Nd(0) values that are less negative, so that the 50–30 Ma

samples cannot be the only source. As the studied rocks have a

provenance that differs from coeval Indian and Pakistan (includ-

ing Katawaz) sedimentary rocks, we propose that during the

Eocene–early Oligocene, the palaeogeography of western Hima-

laya was characterized by two fan systems: (1) the Khojak delta–

fan complex and (2) the Indus fan, the latter comprising at least

three deltas as recorded by the Indian Subathu, Pakistan Ghazij

and the Sulaiman fold and thrust belt sedimentary rocks (Fig. 8).

However, to account for negative �Nd(0) values of Palaeogene

Indus fan sedimentary rocks, an additional drainage system

eroding Himalayan rocks with more negative �Nd(0) values than

those of the Subathu and the samples of this study has yet to be

discovered, and precise connections between these deltas and the

Palaeogene Indus fan remain unclear (Fig. 8)

Our data recorded a change in provenance at c. 30 Ma with

exhumation of the proto-Higher Himalaya. A wet tropical climate

prevailed during the Eocene–early Oligocene (De Franceschi et

al. 2008). Hence, it is likely that exhumation and erosion

occurred simultaneously. Exhumation of the Higher Himalaya is

also recorded by the deposits of the Indian Oligocene White

Sandstone unit and Daghsai formation (Najman 2006; Bera et al.

2010). This exhumation of the Higher Himalaya could also be

responsible for the major influx of metamorphic source found in

the coeval Oligo-Miocene Pakistan Murree deposits (Najman

2006). Overall, all the available provenance indicators document

increased erosion from the metamorphosed proto-Higher Hima-

layan range. Because the Late Oligocene to early Miocene Indus

fan deposits have similar �Nd(0) values to our 30–22 Ma

sedimentary rocks (mean �Nd(0) c. �11.5 and c. �11.75 respec-

tively) and because these fluvial deposits recorded fluvial systems

that were flowing toward the south (i.e. toward the Indus fan), we

suggest that our 30–22 Ma sedimentary rocks are the onshore

record of the Indus fan. As other coeval deposits of India and

Pakistan are fluvial deposits and recorded a similar change in

provenance to our studied rocks, we postulate that they were part

of the same drainage system, which was the Palaeo-Indus basin.
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If correct, this suggests that the modern Indus drainage basin is

no younger than 30 Ma (Fig. 8). Finally, as the provenance of

22–15 Ma samples is the same as that of the 30–22 Ma

sedimentary rocks, we suggest that no major change occurred in

the palaeogeography of the western Himalaya between 30 and

15 Ma (Fig. 8).

Conclusion

The studied 50–30 Ma sedimentary rocks are characterized by a

mixed orogenic provenance with a major contribution from the

Karakorum (40%) and the Tethys Himalaya (40%) and subordi-

nate contributions from the Ophiolitic Suture (10%) and Trans-

Himalaya (10%). Heavy mineral assemblages are characterized

by the presence of metamorphic minerals. The provenance of our

50–30 Ma samples is distinct from that of the coeval Subathu,

Khojak and Ghazij shallow marine formations, which suggests

distinct drainage basins. The presence of metamorphic minerals

in the heavy mineral assemblages indicates that this drainage

basin could be one of the sources that fed the Palaeogene Indus

fan. Hence, we propose that during Eocene–early Oligocene

time, the palaeogeography of the western Himalaya was char-

acterized by two fans, the Khojak fan and the Indus fan, the

latter being fed by at least three deltas.

We document a strong change in provenance that occurred

before the early–late Oligocene transition at c. 30 Ma. This

change in provenance is marked by the appearance of chlorite

and monazite and a shift toward more radiogenic Nd–Sr isotopic

compositions. We interpret this change as the result of the

exhumation and erosion of the proto-Higher Himalaya. The 30–

22 Ma sampled rocks are characterized by a major contribution

from the Tethys Himalaya (35–45%) and the Higher Himalayan

Crystallines (35–45%) and a subordinate contribution (10–30%)

from the Karakorum, Ophiolitic Suture and Trans-Himalaya. The

provenance of the 22–15 Ma sedimentary rocks is similar to that

of the 30–22 Ma samples. As the �Nd(0) values of our 30–

15 Ma samples are similar to those of the Palaeo-Indus fan

deposits, we suggest that the 30–15 Ma sedimentary rocks of the

Sulaiman fold and thrust belt were the fluvial onshore record of

the Indus fan. As coeval deposits of India and Pakistan recorded

similar increasing exhumation of the Higher Himalaya range, we

postulate that these sedimentary rocks all derived from the

Palaeo-Indus drainage basin. If correct, the modern Indus drain-

age basin is no younger than 30 Ma.
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