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Abstract

Petrography, Sr^Nd isotope compositions and single-grain laser 40Ar^39Ar ages of detrital white mica from Early^
Middle Miocene molasse of the Dharamsala and Lower Siwalik Formations of Northern India, dated by
magnetostratigraphy, determine the sediment sources, their metamorphic grade and exhumation rates in the
Himalayan palaeo-hinterland. Deposition of the Lower Dharamsala Member (21^17 Ma) occurred during the period of
rapid isothermal decompression and crustal anatexis (24^18 Ma) of the metamorphic core. This episode of
decompression is thought to be coeval with thrusting on the Main Central Thrust and normal faulting on the South
Tibetan Detachment System. The sediment composition and detrital mica ages indicate erosion from the rapidly
exhumed metamorphic slab of the High Himalayan Crystalline Series. Deposition of the Upper Dharamsala Member
(17^13 Ma) and basal Siwalik Group (13^12.5 Ma) spanned the period in which thrusting transferred south from the
Main Central Thrust. The sediment composition and detrital mica ages contrast strongly with those of the Lower
Dharamsala, indicating erosion from sedimentary and low grade rocks. The isotopic composition indicates that these
rocks were part of the High Himalayan Series unaffected by Tertiary metamorphism, i.e. from upper structural levels of
the High Himalayan Slab. This suggests that a major reorganisation of the orogenic wedge occurred at 17 Ma involving
forward propagation of the MCT and cessation of rapid exhumation of the metamorphic slab. ß 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction

The mechanisms and rates of crustal thickening
and exhumation govern both the topographic
evolution and the formation, preservation and
outcrop patterns of metamorphic facies in orogen-
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ic belts [1]. However, the processes which control
exhumation of thickened crust and the contribu-
tion surface processes make to exhumation are
controversial [2^4]. For the purpose of unravelling
the evolution of an orogenic system, sedimentary
basins adjacent to the orogenic belt contain an
easily accessible, long term record of the erosional
denudation products. These can point to the
structural and thermal evolution of the palaeo-
hinterland and can provide additional constraint
upon orogenic models [2,5].

The Himalaya^Tibet region is a prime example
of deformation in a zone of continental collision.
Following collision, Eocene and Oligocene thrust-
ing and recumbent folding in the Himalayas led to
crustal thickening and metamorphism. This was
subsequently exhumed in the Miocene by thrust-
ing on the Main Central Thrust (MCT) and co-
eval normal faulting high in the section. The sur-
face expression of thrusting subsequently
transferred south to the Main Boundary Thrust
and the presently active Main Frontal Thrust. Es-
timates of the timing, duration and displacement
of these thrusting episodes are largely based on
metamorphic and geochronological data, re-
stricted to the presently exposed rocks. This in-
formation is insu¤cient to answer critical ques-
tions concerning the identity and rates of
exhumation of major tectonic units and the sig-
ni¢cance of the major faults in controlling the
evolution of the Himalayan orogen.

In this paper, we apply petrography, 40Ar^39Ar
total fusion and incremental-heating chronology
of single detrital white^micas, and Sr^Nd isotopic
mapping of source provenance to a dated section
of foreland basin sediments in Himachal Pradesh,
NW India deposited between 20.5 and 12.5 Ma [6].
The results constrain the provenance and exhuma-
tion history of the hinterland during this time and
emphasise the signi¢cance of major faults in con-
trolling deformation and exhumation on time
scales of tens of millions of years. Comparison of
these results with the Bengal Fan sedimentary rec-
ord demonstrates the importance of studies on
catchment-scales of hundreds of km2, as well as
regional scales of hundreds of km2, in relating
sediment provenance to the structural, metamor-
phic, and exhumation history of the Himalayas.

2. Geology and uplift history

2.1. Geology of the NW Indian Himalayas

The Himalayas result from the collision of the
northern margin of the Indian continental plate
with Eurasia s 50 Myr ago [7]. The Indian plate
rocks include Early Proterozoic to Phanerozoic
continental margin sequences (Fig. 1). The In-
dus^Tsangpo suture zone contains ophiolites
and volcaniclastic turbidites and represents the
site of the continental collision. South of the In-
dus^Tsangpo suture zone the Tibetan Sedimenta-
ry Series (TSS) comprises a fold and thrust belt of
mainly sub-greenschist facies Palaeozoic and Me-
sozoic Tethyan sediments [8,9]. The TSS are jux-
taposed against high grade migmatites, leucogran-
ites, and gneisses of the High Himalayan
Crystalline Series (HHCS) [10] along the exten-
sional Zanskar Shear Zone, the NW Indian seg-
ment of the South Tibetan Detachment System
(STDS) a family of low-angle north dipping nor-
mal faults. The HHCS are thrust over the unme-
tamorphosed or low grade late Palaeoproterozoic
(meta) sediments, minor volcanics, and granitic
components [11] of the Lesser Himalayan Series
(LHS) by the MCT a crustal scale ductile shear
zone as seen in the Kulu Window (Fig. 1).

In the NW Indian Himalaya, the protolith
rocks of the HHCS are thought to include low
grade Proterozoic metagreywackes, metasiltstones
and Cambro^Ordovician granitoid gneisses of the
Haimantas [12] or Kade Formation [13]. Palaeo-
zoic to Mesozoic Tethyan sediments which in-
clude carbonaceous shales, limestones, and dolo-
mitic limestone, unconformably overlie the
Haimantas and are preserved south of, and struc-
turally above the HHCS in the Chamba Nappe
[12] (Fig. 1). The Chamba Nappe is separated
from the HHCS by a syn-metamorphic shear
zone the Miyar Thrust [13] or the Chenab Normal
fault [12], although it has been argued that the
HHCS and overlying Chamba Nappe forms a
more-or-less coherent tectonic unit (the High Hi-
malayan Slab) that has experienced a polyphase
deformation history [14]. This outcrop pattern is
unlike that of the Central Himalaya where low
grade HHCS and TSS are not present south of
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the HHCS. The isograds in the crystalline units
form patterns of metamorphic domes and depres-
sions with no major structural or metamorphic
discontinuities between chlorite and sillimanite
zones indicating exhumation to deeper and shal-
lower levels within the slab [14]. The MCT, as
de¢ned as juxtaposing the HHCS above the
LHS, is exposed only in the Kitshtwar and Kulu
windows. Further south the MCT is often marked
as de¢ning the contact between the low grade and
sedimentary units of the Chamba Nappe and the
Lesser Himalaya. This thrust is also known as the
Panjal Thrust [12]. The LHS is thrust over the
Sub-Himalayas, comprising Palaeogene and Neo-
gene units of the foreland basin, by the Main
Boundary Thrust and the Sub-Himalaya are em-
placed over the youngest units of the foreland
basin sediments by the Main Frontal Thrust.

2.2. Structural evolution

The Indo^Asian collision at V50 Ma caused
folding, thrusting and crustal thickening of the
northern margin of the Indian plate. This resulted
in kyanite grade Barrovian metamorphism of the
deeper levels of crust at V40^25 Ma [16]. Mineral
fabrics and compositional zoning which indicate
near isothermal decompression into the sillimanite
¢eld, £uid-absent partial melting which produced
leucogranites with ages mainly between 24 and 12
Ma [17] and mica cooling ages which lie in the
period 25^15 Ma [17] demonstrate that the Bar-
rovian metamorphism was terminated by rapid
decompression. The cause of decompression has
been related to the initiation of extensional fault-
ing along the STDS, active from at least V22 Ma
to 19.8 Ma [14,18] and synchronous movement

Fig. 1. Geological map of the North Indian Himalaya, boxed inset shows location of map. Section A shows the location of this
study. Major Himalayan faults are marked; STDS, South Tibetan Detachment System; MCT, Main Central Thrust; MBT,
Main Boundary Thrust; MFT, Main Frontal Thrust. Selected local faults are labelled; PT, Panjal Thrust; CT, Chail Thrust.
The Kangra Basin (KB), Subathu Basin (SB), Chamba Nappe (CN), and the Kulu Window (KW) are also labelled. The map is
adapted from Powers et al. [15] and Thakur [12].
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along the MCT (initiated by V23 Ma [19]). The
Main Boundary Thrust was initiated by V10 Ma
[20] and in the present day Himalaya, convergence
is largely accommodated along the Main Frontal
Thrust [21].

2.3. Foreland basin

Erosion of the Himalayas has produced detritus
which is deposited in the Indus and Bengal ocean
fans or in the south £anking foreland basin (the
Sub-Himalayas). Himalayan foreland basin de-
posits are exposed by thrusting above the Main
Frontal Thrust (Fig. 1). The oldest rocks are Late
Palaeocene to Middle Eocene carbonates with a

low clastic input, and mineralogy and Nd^Sr iso-
topic composition characteristic of Indus^Tsang-
po suture zone rocks and Tethyan Sediments
[22,23] (annotated on Fig. 8). Late Eocene and
early Oligocene rocks are absent. Upper Oligo-
cene, Miocene, and younger rocks are continental
£uvial, lacustrine or deltaic sediments. Deposition
of the Dharamsala or Murree Group in the Oli-
gocene and Early Miocene was followed by the
Middle Miocene to Early Pleistocene £uvial Siwa-
lik Group with depositional ages established by
magnetostratigraphy, ash horizons, and mamma-
lian fauna [24].

This paper focuses on a section of early fore-
land basin strata of the Dharamsala Group to

Fig. 2. Dharamsala Group Stratigraphy (Section A, Fig. 1). Position of samples selected for analyses and the types of analyses
are shown. Height in km (bold) and age of deposition (italics) as correlated to magnetostratigraphy [6] are shown on the left.
Column A is discontinuous and incomplete due to tectonic disruption by thrusting, Columns B and C are continuous and repre-
sent largely complete sections.
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Lower Siwalik Sub-Group in Himachal Pradesh,
NW India (Fig. 1), dated by magnetostratigraphy
(Fig. 2) [6]. These crop out in the Kangra basin
NW along strike of the Late Oligocene and Mio-
cene Dagshai and Kasauli Formations in the Su-
bathu basin (Fig. 1). The Dharamsala Group
comprises an Upper and Lower Member (17^13
and 20^17 Ma respectively). The Lower Member
comprises the Chimnun and Pabo Formations
and the Upper Member comprises the Al and
Makreri Formations (adapted from [25] ; Fig. 2).
Deposited in a continental setting the multistoried
sandstones, which are most prevalent in the Pabo
and Makreri Formations, are interpreted as chan-
nel deposits of large braided rivers. Finer grained
facies of the Chimnun and Al Formations, con-

sisting of thick mudstones and siltstones with
interbedded sandstone beds, may represent over-
bank sediments deposited on adjacent £oodplains
subjected to periodic inundation by crevasse splay
and sheet £ows [26].

3. Analytical methods

3.1. 40Ar^39Ar detrital white mica analyses

Single grains of white micas (200^350 Wm)
handpicked from 14 sandstone samples (Fig. 2)
were loaded into individual wells in 42 well, 22
mm diameter 99.99+% pure Cu disks. Twelve
disks were irradiated for 6 h in the in-core,

Fig. 3. Incremental-heating plots. 40Ar/39Ar release spectrum diagrams for single white mica grains from samples JN97-005 (A)
and JN97-022 (B). Arrows indicate the increments used for calculating plateau ages. Plateau ages (pa) and total gas ages (tga) are
given for each grain. Errors plotted and quoted are to 2c.

EPSL 6063 22-1-02

N.M. White et al. / Earth and Planetary Science Letters 195 (2002) 29^44 33



EPSL 6063 22-1-02

N.M. White et al. / Earth and Planetary Science Letters 195 (2002) 29^4434



dummy fuel element facility at the 1 MW TRI-
GA, Oregon State University. Three disks were
irradiated for 12 h in the pool-side, Cd-lined RO-
DEO facility at the 45 MW EU Commission HI-
FAR reactor, Petten, The Netherlands.

The irradiation £ux parameter, J, was moni-
tored with either the USGS standard sanidine
from the Taylor Creek rhyolite (TCR-2a) at
27.92 Ma or the Fish Canyon tu¡ sanidine (FC-
1) at 27.61 Ma loaded in eight wells located in an
outer ring and in the centre well of each Cu disk.
During the course of this study we discovered a
V1.2% £ux gradient between the outer and inner
monitors, which may be attributed to self-shield-
ing by the Cu disks. An average J, equal to 99.5%
of the average of the outer ring monitors for
each disk, was used. I.e. no attempt was made
to correct each individual grain for the lower neu-
tron £ux toward the centre of the pan, introduc-
ing 6 0.5% error in the apparent age of each mica
grain.

Irradiated Cu disks were loaded directly into
the UHV vacuum line and baked at V150³C
for 12^24 h. Single grains were fused or incremen-
tally heated with a 20 or 25 W continuous CO2

laser following Richards et al. [27]. Individual
40Ar/39Ar age and error calculations follow Dal-
rymple et al. [28]. Results are shown in Tables 1^
3, in the Background Data Set1, and Figs. 3^5;
errors are quoted at the 2c level of analytical
precision. Plateau ages were calculated by weight-
ing individual plateau steps by the inverse of the
variance and corrected for excess scatter about

the mean when the F ratio statistic MSWD was
greater than 1.

3.2. Bulk detrital composition studies

Three hundred points were counted on the 250^
125 Wm fraction of 21 selected ¢ne-grained sand-
stones (Table 4, in the Background Data Set1,
Figs. 4,6 and 7) by the Gazzi^Dickinson method
[29,30]. Detrital mineral and rock classi¢cation
followed Najman and Garzanti [22] with metase-
dimentary clasts classi¢ed according to both com-
position (metapelites vs. metafelsites) and meta-
morphic grade (L1 = slate and metasandstone,
L2 = phyllite, L3 = mica-schist and gneiss). Two
hundred and ¢fty transparent heavy minerals
from the 63 to 250 Wm size fraction of nine sam-
ples were counted on grain mounts (Table 5, in
the Background Data Set1, Fig. 6). Sample treat-
ment followed [31]. Chemical compositions of sig-
ni¢cant minerals (tourmaline, staurolite, chlori-
toid) were analysed with an EDS microprobe at
the Milano University.

3.3. Whole-rock Sr^Nd analyses

Rb^Sr and Sm^Nd isotope ratios were analysed
on four samples of mudstone to siltstone (Table 6,
in the Background Data Set1). Carbonate was re-
moved by leaching with 1 M glacial acetic acid
overnight. Comparison of leach and non-leached
residues in one sample indicates that the carbo-
nate contained a minor fraction of the Nd, but
that leach and residue 87Sr/86Sr ratios di¡er (Fig.
8). Dissolution and analytical methods follow Ah-
mad et al. [32] except that the whole sample was

Fig. 4. Detrital composition and mica ages vs. time. Petrographic indexes plotted as percent detrital component (a^j) and single-
grain detrital mica age data (k and l) are plotted against depositional age for the Dharamsala and Lower Siwalik sandstones.
Dashed lines show the boundaries between formations. (a^i) Note a sharp decrease in detrital micas (j) and feldspars (h), with a
corresponding increase in carbonate (g) to pelitic sedimentary grains (f), at the boundary between the Lower and Upper Dharam-
sala. Metasedimentary lithics are invariably abundant (c^e) with garnet and staurolite heavy minerals present (a). Detritus poten-
tially derived from the suture zone is negligible (b). (k) The lag time, which is the di¡erence between the youngest mica cooling
age (tc) and depositional age (td), is plotted against depositional age (solid line). Also shown is the modal mica lag time (dashed
line). Note that the lag time is within 1^2 Ma for the Lower Dharamsala and increases to 7^8 Ma for the Upper Dharamsala
and Lower Siwalik. (l) Single-grain mica ages (log scale) are plotted against time (linear scale). The dash-dot line represents the
time of collision at V55 Ma and marks the division between `Himalayan' (6 55 Ma) and `pre-Himalayan' (s 55 Ma) mica ages.
The 1:1 line (solid) where mineral age = depositional age is shown, mineral ages should lie above this line. Note the sharp de-
crease in Himalayan ages with an increase in pre-Himalayan ages at the boundary between the Lower and Upper Dharamsala.
6
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spiked with a mixed 150Nd^149Sm spike and
143Nd/144Nd ratios measured on the spiked frac-
tion. Sr blanks were less than 80 pg, a Sm blank
contained 313 pg and a Nd blank 48 pg. Four
analyses of the internal JM Nd standard gave
143Nd/144Nd = 0.511120 þ 14 (2c) and 145Nd/
144Nd = 0.348400 þ 10 over the period of the anal-
yses. 18 analyses of NBS987 gave 87Sr/86Sr =
0.710257 þ 17 (2c).

4. Results

4.1. 40Ar^39Ar detrital white mica analyses

Most detrital mica ages are determined by total
fusion of individual grains which does not reveal
the extent to which grains may have su¡ered par-
tial loss of Ar. Incremental-heating experiments
were therefore performed to test the degree of
alteration (Fig. 3). Five micas younger than 40
Ma all yielded plateau ages concordant within
95% con¢dence intervals, i.e. MSWD 6 2.5
(Fig. 3a). Single-grain ages from this age group
can be interpreted as geologically meaningful. In-
cremental-heating results from micas older than
40 Ma show discordance. The alteration and Ar
loss of these older grains precludes accurate deter-
mination of geologically meaningful cooling or
crystallisation ages.

All the single-grain mica ages are plotted
against depositional age (Fig. 4l), petrographic
indexes (Fig. 4a^j) and lag time (Fig. 4k). There
is a strong correlation between mica abundance
and the age distribution of the micas. Fig. 5
shows histograms of the 6 60 Ma Himalayan
ages.

The sandstones of the Lower Dharamsala
(n = 6) are micaceous (up to 14% of detrital
grains), and 80 to 100% of the detrital grains
have ages 6 60 Ma with only occasional older
ages (Fig. 4). Between 70 and 95% of the ages
lie between 30 and 20 Ma, with modal values of
22^24 Ma (Fig. 5). The base of the section has
detrital mica whose cooling ages di¡er from the
stratigraphic age by less than 1 Ma (Fig. 4k).
Towards the top of the Lower Dharamsala the
lag time is V2^3 Ma (Fig. 4k). The strongly

skewed age distributions with the mode close to
the minimum age and a tail towards maximum
ages is expected from a terrain subject to variable
exhumation rates, with maximum erosion (and
thus detritus) from areas experiencing maximum
exhumation (Fig. 5).

Fig. 5. Histograms of detrital white mica ages. The age of
deposition is shown on the right (dashed line). Number of
analysis (n) younger than 60 Ma are given out of the total
grains analysed (), and as a percentage. Detrital monazite
U^Th^Pb ages (M) from these sediments are also shown [6].
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The Upper Dharamsala sandstones (n = 5) with
V1.5% modal mica are much less micaceous than
the Lower Dharamsalas. Between 70 and 82% of
these mica ages are s 60 Ma re£ecting thermal
histories prior to the Indo^Asian collision. Most
of the ages lie between 50 and 500 Ma but there
are rare 800^950 Ma grains (Fig. 4l). Of the Hi-
malayan aged grains (Fig. 5) the youngest (22^26

Ma) are slightly older than those in the Lower
Dharamsalas and, therefore, the lag time increases
to between 7 and 10 Ma (Figs. 4k and 5).

The sandstones at the base of the Lower Siwa-
liks (n = 2) have low abundances of detrital white
mica (6 1%). Ar^Ar ages range between 20 and
500 Ma (Figs. 4 and 5). The youngest mica ages
(22 and 20 Ma) and modes of the 6 60 Ma micas

Fig. 6. Detrital composition plots. The composition of the Dharamsala sandstones reveal a major tectonic event at 17 Ma when
progressive increase in grade of metamorphic detritus through time (grey arrows), well displayed from the Dagshai to Kasauli
units (black squares and diamonds, data after Najman and Garzanti, [22]) and continued in the Lower Dharamsala sandstones
(black circles) was abruptly reversed. Black arrows indicate the subsequent, less pronounced, renewed unroo¢ng recorded in the
Upper Dharamsala and Siwalik sandstones (grey circles). (QFL plot) The Himalayan foreland basin to remnant ocean sandstones
all plot within the `recycled orogen' (RO) provenance ¢eld ([41]; CB = continental block; MA = magmatic arc; the L pole includes
carbonate and chert lithics). 1Data after DeCelles et al. [42,43]; 2Data after Ingersoll and Suczek [44] and [45]. (Ls^Lm1^Lm2
and Lm1^Lm2^Lm3 plots) Lithic grains in the Dharamsala to Siwalik Formations are mostly sedimentary (Ls) and metasedimen-
tary (Lm) clasts derived from the Himalayan orogen. Means with 90% con¢dence regions calculated after Weltje [46]. (ZTR^Gt^
p and ZTR Plots) Garnet (Gt) from medium grade Tertiary metamorphic rocks becomes dominant in the Kasauli and Dharam-
sala Formations. Ultrastable mineral grains (ZTR) are mostly rutile (R) in the Subathu Formation, zircon (Z) in the Dagshai
and Kasauli Formations, and tourmaline (T) in the Dharamsala and Siwalik Formations. p= other minerals, including Cr-spinel
in the Subathu Formation and staurolite in the Dharamsala and Siwalik Formations.
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(24 and 26 Ma) give lag times of 7^9 Ma, similar
to the Upper Dharamsala.

4.2. Petrography and dense minerals

The Lower Dharamsala sandstones (n = 8, aver-
age Q 62 F 10 L 28) contain abundant low- to
medium grade metasedimentary clasts (Fig. 6) as
well as metamorphic minerals including muscovite
and biotite (4^18% of framework grains), abun-
dant garnet (33^68% of heavy transparent miner-

als), tourmaline, zircon and rutile. Minor stauro-
lite (91%), chloritoid, epidote, chrome spinel,
sphene, brookite and apatite are also found. Sedi-
mentary and volcanic detritus including sand-
stone, sparite, chert and felsitic grains form a mi-
nor component (Fig. 6). Heavy mineral suites
represent only 0.1^0.3% of the ¢ne to very ¢ne
sand fraction. The sources of the Lower Dharam-
sala appear to be predominantly from low to me-
dium grade (garnet^staurolite) mica-schists with
only a minor component from little metamor-

Fig. 7. Photomicrographs of lithic fragments. Classi¢cation of pelitic to metapelitic lithic grains (extended from Dorsey, [47]). In-
creasing degree of phyllosilicate crystallisation and progressive development of foliation provides precious information on meta-
morphic grade of Himalayan source rocks. Lp = siltstone lithic grain with unorientated clastic texture; Lm1 = slate lithic grain dis-
playing tiny sericite and weak rough cleavage; Lm2 = phyllite lithic grain displaying sericite lamellae and strong cleavage;
Lm3 = schist lithic grain displaying micaceous lamellae and schistocity.
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phosed sedimentary and volcanic sources. This
accords with the high proportion of very young
micas indicating very rapid erosion of an active
metamorphic source.

The Upper Dharamsala sandstones (n = 10,
average Q 49 F 5 L 46) are dominated by sedi-
mentary rock fragments (siltstone, micaceous
sandstones, sparite and dolomite, and minor
chert) and very low-to low grade metamorphic
rock fragments (slate, phyllite, quartz^sericite
and quartz^mica assemblages). Dolostone grains
reach up to one third of total extrabasinal carbo-
nate detritus (Fig. 6). Detrital micas are minor
(1.5% of detrital grains). This abrupt change in
provenance to predominantly sedimentary or
very low grade sources and the reduction in the
mica component is consistent with the Ar^Ar age
data and the increase in lag times from V2 Ma to
V10 Ma. However the micas and transparent
heavy mineral suites dominated by garnet (locally
reaching 4% of all detrital grains) with staurolite
(91%), rare chloritoid and spinel indicate contin-
ued erosion of the medium grade metamorphic
source. Signi¢cant recycling of Lower Dharamsa-
la sediments is precluded by the lack of very
young micas (6 22 Ma) prominent in the Lower
Dharamsala. The much higher proportion of
heavy minerals (0.3^0.8% of the ¢ne to very ¢ne
sand fraction) than in the Lower Dharamsala
might re£ect less selective leaching of less stable
grains. A slight increase of feldspar in the upper
part of the member (Fig. 6) hints at gradual un-
roo¢ng of deeper-seated crystalline rocks.

The base of the Siwalik Group (n = 3, average
Q 69 F 5 L 26) contains more quartz at the ex-
pense of metamorphic lithics, and carbonate rock
fragments disappear. Metamorphic detritus
largely consists of phyllite lithics (Fig. 6) and mi-
cas are few. Transparent heavy minerals dominat-
ed by tourmaline with garnet, zircon, rutile, stau-
rolite, chloritoid and brookite indicate continued
erosion of medium grade metamorphic sources.
Dense minerals represent 0.1% of the ¢ne to
very ¢ne sand fraction. We interpret the increased
proportion of stable minerals as a consequence of
enhanced chemical weathering which removed less
stable grains either during diagenesis or prior to
deposition.

4.3. Whole-rock isotopic compositions

Fig. 8 illustrates the Sr^Nd isotopic composi-
tion of four samples spanning the Dharamsala
and basal Siwalik Groups compared to the ¢elds
of Himalayan source units [32], the Bengal fan
and along strike foreland basin deposits [23,33].
87Sr/86Sr ratios of 0.775 on the unleached and
0.785 on the leached fraction of Upper Dharam-
sala sample JN97-044 show that leaching removes
a less radiogenic component whereas 143Nd/144Nd
ratios are identical (Table 6, in the Background
Data Set1). However both the unleached and re-
sidual leached 87Sr/86Sr ratios lie within the ¢eld
of the HHCS as do the Sr isotopic ratios and all
the measured Nd isotopic compositions of the
other three samples. These results are consistent
with the HHCS-dominated provenance inferred
from Sr^Nd isotopic compositions of the older
Dagshai and contemporaneous Kausuli Forma-
tions [23] and the results from the 17 to 0 Ma
Bengal Fan [33]. The change in detrital petrogra-
phy from a dominance of medium grade pelitic
rocks to sedimentary and low grade rocks at 17
Ma cannot re£ect uplift and erosion of the Lesser
Himalayas but erosion from di¡erent structural
levels of the High Himalayan Slab.

Fig. 8. Nd^Sr isotopic data from foredeep samples compared
with Himalayan tectonic units and other Himalayan sedimen-
tary basins (data compiled from Najman et al. [23] and refer-
ences therein) on Nd^Sr isotopic diagram. The ¢elds show
that the Himalayan units have very di¡erent Sm^Nd and
Rb^Sr isotopic systematics. Ellipses illustrate 1c distributions
of ¢elds but with 87Sr/86Sr ratios s 2 excluded from average
LHS. UD = Upper Dharamsala.
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5. Discussion

5.1. Provenance and exhumation

The combined results establish that the source
of the sediments deposited during the Lower
Dharamsala (V20^17 Ma) included medium (gar-
net^staurolite) grade, micaceous, metamorphic
rocks that cooled through mica blocking temper-
atures between 10 and 1 Myr prior to deposition,
and which have isotopic compositions identical to
the present day HHCS. We interpret the sedi-
ments to be primarily sourced from metamorphic
rocks of the High Himalayan Slab in the footwall
of the STDS. Minor chrome spinel, rutile and
trace apatite, which decrease up-section, may
have been derived from ophiolites in the Indus
suture zone.

The cooling ages of between V30 and 20 Ma
with skewed distributions towards young ages
(Fig. 5) and lag times of 1^3 Ma (Fig. 4k) are
compelling evidence for comparably rapid exhu-
mation of their source region prior to 17 Ma.
Simple thermal modelling allowing for advection
modi¢cation of the geotherm demonstrates that
the observed distribution of ages can be simulated
with high rates of exhumation up to 5 mm/yr
prior to deposition of the Lower Dharamsala
Member, followed by exhumation rates of 1 mm/
a from 20 Ma [26]. This is consistent with exposed
HHCS rocks which were buried between s 35 to
6 27 Ma [16] and then exhumed rapidly, contem-
poraneous with melting, extensional faulting on
the STDS and thrusting on the MCT between
V23 and 19 Ma [14].

The sediment sources and detrital mica ages
change abruptly at the transition between the
Lower Dharamsala and the Upper Dharamsala
Members. The dominant source material changes
from low to medium grade metamorphic rocks to
sedimentary and very low grade metasedimentary
source rocks indicating erosion of di¡erent struc-
tural levels of the orogenic wedge. The detrital
micas change from distributions of predominantly
Himalayan ages to predominantly pre-Himalayan
ages up to 950 Ma. The Sr^Nd isotopic values do
not vary signi¢cantly. The increase in carbonate

and pelitic rock fragments suggest the erosion of
carbonates and shales.

We suggest that the source area for the Upper
Dharamsala Member was the Chamba Nappe or
an equivalent, which is exposed north of the Kan-
gra basin and south of and structurally above the
high grade HHCS (Fig. 1). This source would
account for both low grade detritus from the Hai-
mantas, and sedimentary detritus from the over-
lying Palaeozoic to Mesozoic Tethyan sediments.
The Haimantas, regarded as the protolith of part
of the HHCS [14] would, by implication, have the
same isotopic composition. Ar loss in older grains
precludes accurate provenance analysis, however,
the s 60^600 Ma mica ages may be a result of
several thermal and tectonic events including the
Late Cambrian to Early Ordovician Pan African
orogenesis, Neo-Tethyan rifting during the Per-
mo^Carboniferous, and an Early Cretaceous ther-
mal event which a¡ected the Indian plate rocks
[8,34].

Continued erosion of the HHCS is indicated
from the Upper Dharamsala sandstones and
modelling of the detrital mica lag times suggests
that after 17 Ma erosion rates of the HHCS were
6 1 mm/yr [26]. Petrographic results from the
Upper Dharamsala Member suggests deepening
of erosion levels (Fig. 6). The di¡erence between
the maximum staurolite^garnet grade source for
the Dharamsala Group and the present day ky-
anite and sillimanite^migmatite grade of much of
the exposed HHCS in NW India is consistent with
limited (10^15 km) exhumation of the HHCS be-
tween 17 Ma and the present day [17].

A succession of V400 m of mudstones and thin
sandstones, interpreted as overbank ¢nes with cre-
vasse splays or sheet £ood deposits, is found at
the transition between the Lower and Upper
Dharamsala (Fig. 2). This contrasts with the thick
multistory sandstone bodies, interpreted as chan-
nel deposits of large rivers, characteristic of both
the Lower Dharamsala and the Upper Dharam-
sala overlying the ¢ner grained transition zone.
The ¢ner grained interval may represent a period
where the major river channel was located distally
to this part of the basin. A shift in the location of
major river channels in an active foreland setting
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is expected following structural reorganisation
within the orogenic wedge, which is likely to a¡ect
the river capture, subsidence, and uplift rates. A
lack of convincing palaeocurrent information
from the sediments and their distal nature pre-
cludes a more detailed interpretation of the £uvial
response to the tectonics.

It is di¤cult to compare Upper Dharamsala
sediments with the basal Siwalik sediments be-
cause of the increase in mineralogic stability in
the latter which may be related to either super-
¢cial leaching or climate change. An abrupt in-
crease in the tourmaline/garnet ratio coupled
with much reduced heavy mineral concentrations
in the basal Siwaliks suggest wider exposure of
pre-Himalayan very low grade successions. A sig-
ni¢cant contribution from the LHS is precluded
by the mica ages and Sr^Nd isotopic composi-
tions.

5.3. Structural evolution of the hinterland

A simple interpretation of the dramatic shift in
sediment provenance to predominantly sedimen-
tary and low grade HHCS sources for the Upper
Dharamsala and basal Siwalik Formations is that
thrusting propagated southwards from the MCT
to exhume the much less deeply eroded upper
parts of the nappe pile. The southward transfer
of thrusting would have terminated extension at
the top of the HHCS sheet and drastically re-
duced thrust-related uplift of the rest of the meta-
morphic unit. However this simple interpretation
is inconsistent with the present geology of the
North West Indian Himalayas where the Chamba
Nappe, low grade and sedimentary cover to the
HHCS, tectonically overlies the metamorphic
rocks on a SW dipping shear zone. An alternative
model suggests that the apex of erosion, by 20
Ma, was from the upper structural parts of the
HHCS (i.e. the footwall of the STDS rather than
hanging wall of the MCT). This is consistent with
the model of Grujic et al. [3] whereby ductile
southward extrusion of the HHCS was modelled
as channel £ow. In this model the largest ¢nite
displacement is to be expected in the upper part
of the channel. It is also consistent with models
that couple deformation to surface erosion [2] and

imply that sur¢cial processes exert a control on
the geometry and location of exhumation. From
20^17 Ma channel £ow and extrusion is likely to
have ceased and propagation of thrusting down
into the footwall of the MCT [35] resulted in the
uplift and erosion of outlying low grade areas of
the Chamba Nappe. This thrust may have been
the MCT/Panjal Thrust or the Proto-MBT. This
model is consistent with outcrop patterns and
structural data from the HHCS cf. [36,12].

Interpretations of the tectonic setting during
the Miocene from present outcrop patterns must
be treated with caution, however, as convergence
rates of V10 þ 2 mm/yr [37] imply V170 km of
shortening since 17 Ma.

5.4. Comparisons to other detrital studies

The Dharamsala and Siwalik sediments (20.5^
12.5 Ma) studied here show both important sim-
ilarities and di¡erences to provenance and detrital
mica age studies on Siwalik sediments deposited
between 10.8 and V2 Ma in Nepal [38] and Ben-
gal Fan sediments between 17 and 0 Ma [33,39].
The Sr^Nd isotopic composition of the Bengal
Fan sediments indicate their derivation predomi-
nantly from HHCS-like sources as for the Dhar-
amsala sediments. Detrital muscovite and K-feld-
spar Ar^Ar ages from the Bengal Fan indicate
very rapid exhumation of their sources post 17
Ma with lag times within error of zero, although
the small population of both feldspar and musco-
vite ages with negative lag times is problematic.
Likewise detrital K-feldspar Ar^Ar ages from the
10.8 to 2 Ma Siwalik molasse in Nepal have upper
2c error bounds on lag times of 2^3 Ma. By con-
trast, although the lower Dharamsala sediments
show small lag times of 2^3 Ma between 20.5
and 17 Ma, the lag times increase to 7^10 Ma
in the Upper Dharamsala and basal Siwalik sedi-
ments. As the Bengal Fan receives sediment from
two thirds of the Himalayan orogen, the locations
of rapid exhumation are not constrained. This
study shows that in the area of NW India
sampled by the Dharamsala and basal Siwalik
Formations in the Kangra basin, the detrital min-
eral ages match the mineral age patterns in the
exposed rocks. Perhaps elsewhere continued mi-
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gration or reactivation of the MCT has progres-
sively exhumed younger metamorphic rocks [40].

6. Summary

Sr^Nd isotopic compositions, detrital mineral-
ogy and petrography and Ar^Ar ages of detrital
minerals are used to determine the nature and
exhumation history of the sources of the sub-
Himalayan Dharamsala and basal Siwalik sedi-
ments deposited in the Kangra basin and dated
by magnetostratigraphy at between 20.5 and 12.5
Ma. Sr^Nd isotopic compositions of the sedi-
ments indicate that the whole sequence was de-
rived from sources isotopically equivalent to the
HHCS or its low grade equivalents. Prior to 17
Ma the abundance of medium grade metamorphic
detritus, detrital garnet and staurolite, muscovite
with lag times of 1^3 Ma and detrital monazites
with ages between 40 and 29 Ma [6], indicate very
rapid exhumation of HHCS rocks with a tectonic
history similar to those presently exposed in the
NW Indian Himalaya. After 17 Ma, the source
for the Dharamsala sediments changed to pre-
dominantly sediments and low grade rocks similar
to those in the Chamba Nappe which tectonically
overlies HHCS metamorphic rocks. Detrital gar-
net and staurolite and a smaller fraction of Hima-
layan muscovite with ages in the same range of
V30 to 22 Ma as from the Lower Dharamsala,
con¢rm that erosion of medium metamorphic
grade HHCS continued, albeit at much slower
rates. This change in provenance is interpreted
to indicate a fundamental reorganisation of the
orogenic wedge geometry in the NW Indian Hi-
malayas at 17 Ma, with cessation of extension on
the STDS and propagation of thrusting south
from the MCT.

The marked decrease in exhumation rate in-
ferred from the Dharamsala sediments in the
Kangra basin contrasts with detrital K-feldspar
ages from the 10.8 to 2 Ma Siwalik sub-Hima-
layan sediments from Nepal and detrital K-feld-
spar and muscovite ages from a 17 to 0 Ma sec-
tion of the Bengal Fan which both exhibit very
short lag times indicative of continued rapid ex-
humation in other parts of the Himalaya. This

demonstrates the value of more proximal and
smaller-scale studies in elucidating the variability
and timing of processes in large orogenic belts.
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