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Abstract: Fission-track and 40Ar/39Ar ages place time constraints on the exhumation of the North Himalayan

nappe stack, the Indus Suture Zone and Molasse, and the Transhimalayan Batholith in eastern Ladakh (NW

India). Results from this and previous studies on a north–south transect passing near Tso Morari Lake suggest

that the SW-directed North Himalayan nappe stack (comprising the Mata, Tetraogal and Tso Morari nappes)

was emplaced and metamorphosed by c. 50–45 Ma, and exhumed to moderately shallow depths (c. 10 km) by

c. 45–40 Ma. From the mid-Eocene to the present, exhumation continued at a steady and slow rate except for

the root zone of the Tso Morari nappe, which cooled faster than the rest of the nappe stack. Rapid cooling

occurred at c. 20 Ma and is linked to brittle deformation along the normal Ribil–Zildat Fault concomitant

with extrusion of the Crystalline nappe in the south. Data from the Indus Molasse suggest that sediments were

still being deposited during the Miocene.

Keywords: Himalaya, eastern Ladakh, 40Ar/39Ar, fission-track dating, exhumation.

The aim of this study is to investigate the exhumation history of

the Rupshu area in eastern Ladakh situated in NW India (Fig. 1;

Berthelsen 1953; Gansser 1964; Thakur & Misra 1984; Hodges

2000), following detailed geological, structural and metamorphic

studies carried out by researchers at the University of Lausanne

since 1996 (Steck et al. 1998; Girard 2001). These workers

recognized a new nappe stack formed by three SW-directed

nappes: the Tso Morari, Tetraogal and Mata nappes. Meanwhile,

detailed geological investigations conducted in the Indus Suture

Zone and Molasse (Fuchs & Linner 1996) and new petrographic

and thermobarometric data from the Tso Morari eclogites

(discovered by Berthelsen 1953) were published (Fig. 2; De

Sigoyer et al. 1997; Guillot et al. 1997). Geochronological data

for the Tso Morari metamorphism, published by De Sigoyer et

al. (2000), were used to constrain the time of continental

subduction and collision; Lu–Hf and Sm–Nd methods were used

to date metamorphism related to subduction and gave an age of

c. 55 Ma, whereas timing of retrogression to amphibolite facies,

related to collision, was estimated at c. 47 Ma by Sm–Nd, Rb–

Sr and 40Ar/39Ar methods. In addition, 40Ar/39Ar cooling ages

constrained the time of greenschist-facies retrogression in the

Tso Morari dome to c. 30 Ma, which previously represented the

only geochronological data available for the low-temperature

thermal history of the North Himalayan nappe stack, which

comprises the Mata, Nyimaling Tsarap, Tetraogal and Tso Morari

nappes in NW India (Steck et al. 1993, 1998).

To further constrain the low-temperature history of eastern

Ladakh we present fission-track (FT) and 40Ar/39Ar geochronolo-

gical data from a north–south geological transect (Fig. 2). The

apatite and zircon fission-track and 40Ar/39Ar ages permit us to

reconstruct upper-crustal cooling through the temperature range

of c. 500–60 8C. The transect begins close to Chumatang village

on the Indus River, and ends in the Parang valley about 15 km

south of Tso Morari Lake. The study area falls within the

northern part of the transect investigated by Steck et al. (1998)

and includes the Ladakh Batholith, Indus Molasse, Indus Suture

Zone, and the Tso Morari, Tetraogal and Mata nappes.

Geological setting

The study area extends from the Trans-Himalayan Plutonic Belt

(Honegger et al. 1982), through the Indus–Tsangpo Suture Zone

(Gansser 1964) and the Indian Margin, to the internal parts of

the Indian crust. The area contains several tectonic domains with

contrasting tectonometamorphic histories (Fig. 2). From north to

south, there is the Ladakh Batholith, Indus Molasse and Indus

Suture Zone, and farther south, there is the North Himalayan

nappe stack, which includes the Tso Morari, Tetraogal and Mata

nappes in eastern Ladakh (Steck et al. 1998).

The Ladakh Batholith

The Ladakh Batholith is part of an Andean-type Trans-Himala-

yan plutonic belt extending from Afghanistan in the west, to east

of Lhasa in Tibet (Honegger et al. 1982; Schärer et al. 1984;

Sharma 1991; Weinberg & Dunlap 2000). Onset of plutonism,

caused by partial melting of the mantle above the subducted

Neo-Tethyan slab beneath the Eurasian margin, has been esti-

mated to occur at 102 Ma in its NW section (Table 1; Honegger

et al. 1982; Schärer et al. 1984). The magmatic activity ends at

c. 50 Ma (Weinberg & Dunlap 2000), and marks the transition

from subduction to continental collision. The occurrence of

prehnite in mylonitized diorites at the top of the batholith reveals

that the batholith was overthrust by the molasse under anchizonal

metamorphic conditions. We infer from K/Ar illite ages between

40 and 35 Ma (Van Haver et al. 1986) that thrusting occurred

during Late Eocene time.
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The Indus and Chulze molasses

The Ladakh Batholith is overlain by Lower Tertiary sediments of

the Indus Molasse (Garzanti & Van Haver 1988). In the study

area, illite crystallinity values and well-preserved sedimentary

structures suggest that the molasse has not undergone significant

metamorphism. On its southern edge the Indus Molasse is

overthrust by ophiolites of the Indus Suture Zone along the SW-

dipping Nidar Thrust (Thakur & Virdi 1979).

In the internal part of the Indus Suture Zone, a detrital

continental series, the Chulze Molasse, lie discordantly on the

ophiolites (Fig. 2). De Sigoyer (1998) supposed that these series

are of post-Eocene age. Illite crystallinity values reveal that

metamorphism occurred under anchizonal conditions.

The Indus Suture Zone

The Indus Suture Zone (Fuchs & Linner 1996), also locally

called the Sumdo Formation (Thakur & Virdi 1979), contains the

well-preserved Nidar ophiolite and the Zildat Ophiolitic Mél-

ange. Linner et al. (2001) estimated an age of 140.5 � 5.3 Ma

for the magmatic crystallization of ophiolites based on Sm–Nd

data for plagioclase and clinopyroxene of one gabbro sample.

The ophiolites are nearly undeformed and underwent low-grade

metamorphism indicated by the occurrence of prehnite and

pumpellyite in the gabbros.

The Zildat Ophiolitic Mélange underwent slightly higher-grade

metamorphism as the Nidar ophiolite, under greenschist-facies

conditions that occurred during the activation of a NE-dipping

low-angle shear zone (Steck et al. 1998). This structure was later

cut by the NE-dipping high-angle Ribil–Zildat normal fault

(Virdi et al. 1977; Steck et al. 1998; Guillot et al. 2000) that

juxtaposes the Zildat Ophiolitic Mélange with the roots of the

Tso Morari nappe and the overlying higher structures of the

Tetraogal and Mata nappes (Fig. 3).

Fig. 1. Simplified geological map of NW India, between Kullu and Leh. Modified after Steck et al. (1993, 1998), Epard et al. (1995), Frank et al. (1995),

Vannay & Grasemann (1998) and Girard (2001). The investigated area is indicated by the rectangle, and is shown enlarged in Figures 2 and 3.

Fig. 2. Simplified geological map compiled from Thakur & Misra (1984), Fuchs & Linner (1996), Steck et al. (1998) and Girard (2001), showing sample

localities A–T. The 40Ar/39Ar and fission-track ages are given in Ma. Localities, techniques and errors are given in Tables 2–4 and in Figure 4. P–T paths

for the various units were drawn following the mineral assemblages from the mafic rocks (after De Sigoyer et al. 1997; Steck et al. 1998; Mukherjee &

Sachan 2001; Schlup 2003). Isograds for metapelites are related to the Barrovian-type metamorphism (drawn from Steck et al. (1998) and Girard (2001)).

Am, amphibolite; BS, blueschist; Bt, biotite; Coe, coesite; EA, epidote–amphibolite; Ec, eclogite; Gr, granulite; GS, greenschist; Hb, hornblende; Pc-C,

Precambrian–Cambrian; Ph, phengite; P-M, Permo-Mesozoic; PP, prehnite–pumpellyite; Qtz, quartz; Ze, zeolite.
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The Tso Morari nappe

The Tso Morari nappe (Steck et al. 1998) consists of the

Ordovician Tso Morari granite-gneiss (Table 1; Girard & Bussy

1999) and Precambrian to Cambrian sediments. The Tso Morari

nappe originates from a slab of the North Indian margin that

underthrust the North Indian crust below Asia to a depth of at

least 90 km (De Sigoyer et al. 1997; Mukherjee & Sachan 2001)

and is readily distinguished from the adjacent units by the

presence of eclogites (Berthelsen 1953; Guillot et al. 1997).

After HP–LT metamorphism estimated at c. 55 Ma (De Sigoyer

et al. 2000), and probably because of buoyancy forces

(Chemenda et al. 1995, 2000), the Tso Morari nappe migrated

Table 1. Synthesis of previous geochronological data related to the units studied in this work

Unit Location Event Age (Ma) Method References

Ladakh Batholith Kargil Granite crystallization 103 � 3 U/Pb (zircon) Honegger et al. (1982)
Kargil Granite crystallization 101 � 2 U/Pb (zircon) Schärer et al. (1984)
Leh Granite crystallization 49.8 � 0.8 U/Pb (zircon) Weinberg & Dunlap (2000)
Leh Cooling 48.7 � 1.6 K/Ar (biotite) Honegger et al. (1982)
Leh Cooling 45.7 � 0.8 Ar/Ar (hornblende) Weinberg & Dunlap (2000)
Tangtse Cooling 33.8 þ 0.4 Ar/Ar (K-feldspar)� Dunlap et al. (1998)
Upshi Cooling 28 � 3 FT (apatite) Sinclair & Jaffey (2001)
Chumatangy Cooling 7–9 FT (apatite) Sharma & Choubey (1983)

Indus Molasse Himis Shukpa Metamorphism 35–40 K/Ar (phyllite) Van Haver et al. (1986)
Nimu Cooling 14 � 3 FT (apatite) Sinclair & Jaffey (2001)

Indus Suture Kalra Valleyy Gabbro crystallization 140.5 � 5.3 Sm/Nd (Pl–Cpx) Linner et al. (2001)
Shergol HP metamorphism 98.5 � 0.5 K/Ar (glaucophane) Honegger et al. (1989)
North Pakistan HP metamorphism 82.5 � 2 Ar/Ar (phengite) Maluski & Matte (1989)

Tso Morari nappe Polokongka Lay Granite crystallization 479 � 2 U/Pb (zircon) Girard & Bussy (1999)
Gyanbarmay Granite crystallization 479 � 2 U/Pb (zircon) Girard & Bussy (1999)
Kiagar Lay HP metamorphism 55 � 7 Sm/Nd (Grt–Gln–WR) De Sigoyer et al. (2000)
Kiagar Lay HP metamorphism 55 � 12 Lu/Hf (Grt–Cpx–WR) De Sigoyer et al. (2000)
Kiagar Lay HP metamorphism 55 � 17 U/Pb (Aln) De Sigoyer et al. (2000)
Kiagar Lay Amphibolite metamorphism 48 � 2 Ar/Ar (phengite) De Sigoyer et al. (2000)
Tso Morariy Amphibolite metamorphism 47 � 11 Sm/Nd (Grt–Amp–WR) De Sigoyer et al. (2000)
Tso Kary Amphibolite metamorphism 45 � 4 Rb/Sr (Phe–Ap–WR) De Sigoyer et al. (2000)
Gyanbarmay Cooling 31.1 � 0.3 Ar/Ar (muscovite) De Sigoyer et al. (2000)
Gyanbarmay Cooling 29.3 � 0.3 Ar/Ar (biotite) De Sigoyer et al. (2000)
Gyanbarmay Cooling 29 � 0.4 Ar/Ar (biotite) De Sigoyer et al. (2000)

Mata nappe Keley Granite crystallization 482.5 � 1 U/Pb (zircon) Girard & Bussy (1999)
Tethyan Zone Pin Valley, Spiti Metamorphism 42–45 Ar/Ar (illite) Wiesmayr & Grasemann (1999)

Aln, allanite; Amp, amphibole; Cpx, clinopyroxene; Gln, glaucophane; Grt, garnet; Phe, phengite; WR, whole rock.
�Ar/Ar K-feldspar is a minimum age in spectrum.
yLocations situated on the present transect.

Fig. 3. Fission-track (FT) and 40Ar/39Ar

ages projected along the Indus River–Tso

Morari north–south transect. Modified after

a geometric interpretation drawn from NE–

SW cross-sections by Steck et al. (1998). n

with mineral abbreviations, 40Ar/39Ar ages

(Bt, biotite; Hbl, hornblende; Phe,

phengite); s, zircon FT ages; j, apatite FT

ages. Given temperatures refer to the Partial

Annealing Zones (PAZ) of zircon and

apatite. Italic letters refer to sample

identification used in Figure 2 and Tables 1

and 2. Error bars correspond to the standard

error of the mean for FT ages (not plotted

when the symbol is larger than the error

bar).
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parallel to the surface of underthrusting to a near-surface position

below the earlier accreted and structurally higher Tetraogal and

Mata nappes. During its emplacement as a SW-vergent nappe,

the unit underwent Barrovian-type regional metamorphism,

which affected the entire North Himalayan nappe stack under

amphibolite-facies conditions at c. 47 Ma (De Sigoyer et al.

2000).

The Tetraogal nappe and Karzok Complex

The Tetraogal nappe (Steck et al. 1998) is principally made of

Permo-Mesozoic sediments metamorphosed under epidote–am-

phibolite-facies conditions. This tectonic unit may be considered

as a basal slice of the higher Mata nappe. Between these two

nappes, along the thrust between the Mata and Tetraogal nappes,

lies the 300 m thick mafic and ultramafic Karzok Complex

(Berthelsen 1953). As the tectonometamorphic history of the

smaller Tetraogal nappe and Karzok Complex is similar to that

of the larger Mata nappe, we will not consider them any further.

The Mata nappe

Stratigraphic relationships show that the Mata nappe follows a

recumbent fold structure characterized by a normal and an

inverted fold limb (Fig. 3; Steck et al. 1998). The Ordovician

Rupshu granite–gneiss (Girard & Bussy 1999) represents the

core of this SW-vergent fold nappe and is surrounded by

Precambrian to Liassic sediments. The Rupshu granite is con-

temporaneous with the nearby Nyimaling granite, which lies in a

similar structural setting (Stutz & Thöni 1987). The core was

deformed under epidote–amphibolite-facies metamorphic condi-

tions, whereas the frontal part is characterized by a non-

metamorphic brittle imbricate thrust (Girard et al. 1999).

Sampling and analytical procedures

Twenty-five samples, each weighing 5–15 kg, were collected for

fission-track analyses. Apatite and zircon concentrates were

obtained by crushing and standard heavy liquid and magnetic

separation techniques. Mounting, polishing and etching were

carried out following standard procedure of the London Fission

Track Research Group (apatite etching with 5N HNO3 at 20 8C

for 20 s, and zircon etching with KOH–NaOH at 220 8C for

between 12 and 36 h). Mounts were irradiated with muscovite

external detectors and dosimeter glass CN-5 for apatite, and CN-

2 for zircon at the thermal neutron facility of the Risø reactor,

Denmark. Fission-track densities were measured using an optical

microscope at 12503 magnification with an oil objective. Ages

(�1�) were calibrated by the zeta method (Hurford & Green

1983), using a zeta factor of 339 � 5 for apatite, and of 125 � 5

for zircon determined by multiple analyses of apatite and zircon

standards following the recommendations of Hurford (1990).

For 40Ar/39Ar dating, 10 samples (biotite, phengite, hornble-

nde) were chosen, when possible using the same samples as for

FT dating. The analytical procedure is similar to that described

by Cosca et al. (1998).

Results

Fission-track results were obtained for 17 apatite and 16 zircon

samples (Figs 2 and 3, Tables 2 and 3). Uranium inhomogeneity,

inclusions, small grain size and quantity of mineral separate

combined to prevent analysis of the remaining samples. For the
40Ar/39Ar method, only five samples yielded results that could be

interpreted with high degrees of confidence for reconstructing

the geological history (Fig. 4, Table 4). Most samples gave

complicated age spectra as a result of either the occurrence of

several generations of the same mineral phase or post-crystal-

lization redistribution of argon within the grains. All samples are

at held at the Mineralogy Institute of Lausanne.

The Ladakh Batholith

A granite sample from the Ladakh Batholith (sample A),

corresponding to a phase III pluton of Sharma (1991), yields

hornblende and biotite 40Ar/39Ar plateau ages of 44.7 � 0.3 Ma

and 32.6 � 0.2 Ma, respectively. An apatite FT central age for

this sample is 5 � 1 Ma, with a long mean track length of

14.73 � 0.14 �m, which is diagnostic of rapid cooling through

the Partial Annealing Zone (PAZ, 60–110 8C).

The Indus and Chulze molasses

About 5 km SE of the granite, a sandstone from the Indus

Molasse (sample B) has a zircon FT age of 23 � 2 Ma and an

apatite FT age of 7 � 2 Ma with a long mean track length

(14.62 � 0.33 �m). A sandstone (sample D) from the Chulze

Molasse yields a zircon FT age of 40 � 2 Ma and an apatite FT

age of 6 � 2 Ma (uranium inhomogeneity in the grains prevented

measure of the mean track length).

The Indus Suture Zone

Only a few zircon grains separated from a pegmatitic gabbro

sample from the Nidar ophiolite were obtained for this zone, and

the poor quality of these grains produced an imprecise average

age of 88 � 16 Ma.

The Tso Morari nappe

In this unit, apatite FT ages show a well-developed correlation

with respect to their position away from the Ribil–Zildat Fault

(Fig. 3). The youngest age, 7.5 � 1.5 Ma, which also has the

longest mean track length (15.22 � 0.25 �m), is found in the

Zildat Valley a few hundred metres south of the Ribil–Zildat

Fault (sample E). In contrast, in the southern part of the nappe,

apatite ages range from 21 � 3 to 26 � 3 Ma (samples J, K and

L). These ages have slightly shorter mean track lengths of

between 14.52 � 0.2 �m and 13.52 � 0.16 �m (Fig. 5). Zircon

FT ages are between 34 � 2 Ma and 45 � 2 Ma and show no

correlation with the structural position of the samples. Only two

samples from the Tso Morari nappe yielded readily interpretable
40Ar/39Ar ages (Fig. 4). One sample of phengite yielded a 40Ar/
39Ar plateau age of 53.8 � 0.2 Ma (sample E), and a biotite

yielded a near-plateau age of 51.1 � 0.1 Ma (sample H).

The Mata nappe

In the Mata nappe, zircon FT ages range from 36 � 2 Ma to

45 � 2 Ma, similar to zircon FT ages from the Tso Morari nappe,

and show no relation to their structural position. Apatite FT ages

are generally older than apatite ages from the Tso Morari unit,

with a maximum age of 40 � 1 Ma obtained in the core of the

Rupshu granite. Two samples (O and P), collected from the

Ruphsu granite between Tso Morari Lake at 4550 m and Mt

Mata at 6250 m, have within 1� error broadly the same age

(36 � 2.5 and 40 � 0.3 Ma) and mean track lengths (14.23 �
0.12 �m and 14.54 � 0.22 �m). A few kilometres south of this
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locality, also in the Rupshu granite, apatite yields an age of

14 � 1 Ma (sample Q) with moderately long mean track length

of 13.49 � 0.15 �m. In the Mata nappe the youngest apatite ages

have the shortest mean track length (Fig. 5), in contrast to the

relationship observed in the Tso Morari unit.
40Ar/39Ar mica ages for most samples give highly discordant

internal age spectra, except for one sample of biotite with an age

of 457 � 2 Ma obtained in the Rupshu granite (Fig. 4; sample

P).

Interpretation

Samples collected at outcrop today yield differences in measured

FT age and track length that reflect the exhumation paths of

samples from different crustal depths at different rates, providing

a series of records, each recording a different part of the overall

regional history. In this study, there is no clear relationship

between sample elevation and FT age (although the second oldest

age is found at the highest elevation (sample O) and the youngest

Table 2. Apatite and zircon fission-track analytical results

Sample
number

Location
Lat. 8N/Long. 8E

Elevation
(m)

Rock type
Formation, unit

Apatite central
age (Ma) �1�

Apatite mean track
length (�m)

SD
(�m)

Zircon central
age (Ma) �1�

A Chumatang 4150 Granite 5.2 � 0.5 14.73 � 0.14 1.18
33822926.39/078821918.69 Ladakh Batholith (20) (75)

B Chumatang 4150 Sandstone 7.4 � 0.7 14.62 � 0.33 1.49 23 � 2
33819931.69/078823931.09 Indus Molasse (20) (21) (3)

C Raldong 4200 Metagabbro 88 � 16
33815918.39/078826922.39 Indus Suture Zone (6)

D Drakkarpo 4300 Sandstone 6.1 � 1.5 40.5 � 2.1
33815919.69/078823959.69 Indus Molasse (7) (16)

E Zildat Phu 4600 Gneiss 7.5 � 1.5 15.22 � 0.25 0.86 45 � 2
33814934.89/078821916.49 Tso Morari gneiss (19) (13) (21)

F Kiagar La 4750 Granite 7.6 � 0.8 15.08 � 0.34 1.45 38 � 2
33810900.39/078821937.09 Tso Morari gneiss (6) (19) (18)

G Polokongka La 4900 Granite 34 � 2
Tso Morari gneiss (16)

H Pera 4800 Orthogneiss 13.2 � 0.8 14.23 � 0.21 1.79 36 � 2
33807916.49/078820912.79 Tso Morari gneiss (20) (74) (9)

I Kiagar Tso 4800 Orthogneiss 16.4 � 0.7 14.28 � 0.12 1.2 37 � 3
33805931.29/078817920.99 Tso Morari gneiss (20) (100) (11)

J Gyanbarma Orthogneiss 25.7 � 2.6 14.52 � 0.2 0.85 40 � 2
Tso Morari gneiss (20) (19) (11)

K Peldo 4600 Orthogneiss 23.4 � 1.1 13.52 � 0.16 1.62 35 � 2
32859952.59/078815937.89 Tso Morari gneiss (20) (101) (17)

L Tetraogal La 4850 Micaschist 21.5 � 3.3
32859936.69/078815921.49 Precambrian–Cambrian, TM (10)

M Zerlung Marlung 4900 Metagraywacke 30.5 � 2.1 13.93 � 0.15 1.09 38 � 4
32855952.79/078815910.69 Precambrian–Cambrian,

Mata
(17) (51) (7)

N Kherlung 5450 Orthogneiss 45 � 7
32854915.59/078815910.69 Rupshu granite, Mata (7)

O Mt Mata 6100 Granite 36.0 � 2.5 14.23 � 0.12 0.99 37 � 2
32853945.09/078813946.39 Rupshu granite, Mata (22) (73) (17)

P Kherlung 4700 Granite 39.9 � 0.3 14.54 � 0.22 1.36 45 � 2
32853907.59/078816928.89 Rupshu granite, Mata (26) (38) (23)

Q Kele 4700 Granite 14.1 � 1.1 13.49 � 0.15 1.55
Rupshu granite, Mata (20) (106)

R Kore Misikle 4700 Orthogneiss 29.5 � 2.8 14.35 � 0.30 1.04 42 � 3
Rupshu granite, Mata (20) (13) (15)

S Kele 4800 Metapelite 20.1 � 2.5
32849915.49/078816951.99 Precambrian–Cambrian,

Mata
(11)

T Kiangdom 4700 Metapelite 15.3 � 1.2 14.23 � 0.22 1.38 36 � 2
32845930.39/078818936.29 Precambrian–Cambrian,

Mata
(18) (40) (12)

U Tso Kar Metapelite 11.5 � 1.8
Sample from De Sigoyer et
al. (2000)

Tso Morari gneiss (20)

V Nuruchan Metapelite 14.1 � 1.3
Sample from De Sigoyer et
al. (2000)

Tso Morari gneiss (20)

Samples correspond to the letters in the map in Fig. 2. Central age is a modal age, weighted for different precisions of individual crystals. Parentheses show number of grains
counted for age determination and number of tracks used for length measurement. The precision on the track length is the standard error (�1�; � ¼ SD=

p
n) and SD

corresponds to the deviation of the track-length distribution. Analyses were carried out by external method using 0.5 for the 4�/2� geometry correction factor. Ages were
calculated using �CN5 ¼ 339 � 5 and �CN2 ¼ 125 � 5 calibrated using IUGS apatite and zircon age standards, respectively; analyst: Andrew Carter.
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age at lowest elevation (Figs 2 and 3; sample A), but more

interestingly there is wide variation in FT age across the region.

If exhumation had occurred uniformly we would expect to find

similar ages at similar elevations. As we do not, the region must

have experienced a variable exhumation history and therefore we

need to consider the relationships between sample location,

lithology and related structures. First we shall consider results

from units located north of the Ribil–Zildat Fault and then focus

on interpretation of samples located to the south, from the Mata

and Tso Morari nappes.

Crystallization and cooling of the Ladakh Batholith

Given that argon is retained in amphiboles at relatively high

temperatures (e.g. McDougall & Harrison 1988), the 44.7 �
0.3 Ma 40Ar/39Ar hornblende age from a granite sample of the

Ladakh Batholith should represent a time near its crystallization.

This age is consistent with crystallization of the igneous rocks

before c. 45 Ma and is hence broadly coeval with the magmatic

activity responsible for the Leh pluton, which is estimated at

49.8 � 0.8 Ma on the basis of U/Pb on zircon (Weinberg &

Dunlap 2000; for all cited ages, also refer to Table 1). The

younger 40Ar/39Ar biotite and apatite FT ages record continuing

cooling below c. 320 8C and c. 100 8C, respectively. A plot of

time and temperature for this granite based on the 40Ar/39Ar and

apatite FT results shows at first sight little evidence for any

significant change in long-term cooling rate (Fig. 6). However,

the apatite FT cooling age of the Ladakh Batholith from the

present study, like those from Sharma & Choubey (1983), is

much younger compared with the 28 � 3 Ma ages measured at

Upshi, c. 100 km west of this transect (Sinclair & Jaffey 2001).

In the central part of the batholith about 70 km NW of

Chumatang, Dunlap et al. (1998) also estimated from a 40Ar/
39Ar K-feldspar modelled age that the batholith already cooled to

150 8C at 36 Ma. Therefore the much younger cooling ages from

Chumatang may be explained by a longer stay of this part of the

batholith at greater depth owing to its local overthrusting by the

molasse during Late Eocene time.

Formation and cooling of the Indus and Chulze molasses

The zircon FT age of 23 � 2 Ma from a non-metamorphosed

sandstone of the Indus Molasse is older than its sedimentation.

This age is interpreted as a cooling age of the detrital source,

which most probably is the adjacent Ladakh Batholith. The

nearness of the sandstone outcrop to the batholith (about 2 km),

the occurrence of K-feldspar and abundance of quartz, and the

absence of any Fe–Mg minerals such as pyroxene or olivine that

come from the Indus Suture Zone, suggest that this late-

deposited molasse is the erosion product of the batholith. Indeed,

Garzanti & Van Haver (1988) also observed that most of post-

Eocene sediments were made of detritus from granitoid rocks.

The 7.4 � 0.7 Ma apatite FT age is related to cooling of the

molasse following its burial (Fig. 6).

In the Chulze Molasse, a well-constrained zircon FT age

(41 � 2 Ma) is older than the sandstone deposition as a peak

temperature of c. 250 8C during its burial was not high enough to

anneal the fission tracks in zircon. The relative error of the

central age is small (0.4%), suggesting that the origin of these

zircons is a single source, probably the already emplaced North

Himalayan nappe stack (see below). Indeed, De Sigoyer (1998)

proposed that this molasse is the erosional product of the

Oligocene relief formed during the thickening of the crust. The

apatite FT age (6 � 2 Ma) is similar to those measured in

adjacent units and therefore suggests that the area lying between

the Ribil–Zildat Fault and the central part of Ladakh Batholith

cooled through the apatite PAZ during Late Miocene time.

Metamorphism of the Indus Suture Zone

The unexpected old zircon FT age (88 � 16 Ma) from the Nidar

ophiolite could be related to cooling following low-grade

 10  20  30  40  50  60  70  80  90  100

 10

 15

 20

 25

 30

 35

 40

 45

 50

A
pp

ar
en

t A
ge

 (
M

a)

 0

32.6 Ma

 10  20  30  40  50  60  70  80  90  100
 20

 25

 30

 35

 40

 45

 50

 55

 60

A
pp

ar
en

t A
ge

 (
M

a)

 0

44.7 Ma

 10  20  30  40  50  60  70  80  90  100

 30

 35

 40

 45

 50

 55

 60

 65

 70

A
pp

ar
en

t A
ge

 (
M

a)

 0

53.8 Ma

 10  20  30  40  50  60  70  80  90  100

 30

 35

 40

 45

 50

 55

 60

 65

 70

A
pp

ar
en

t A
ge

 (
M

a)

 0

51.1 Ma

 10  20  30  40  50  60  70  80  90  100

 300

 350

 400

 450

 500

 550

 600

 650

 700

A
pp

ar
en

t A
ge

 (
M

a)

 0

457 Ma

Cumulative %39Ar Released

MATA NAPPE (granite)

TSO MORARI NAPPE (gneiss)

TSO MORARI NAPPE (gneiss)

LADAKH BATHOLITH (granite)

LADAKH BATHOLITH (granite)

Fig. 4. 40Ar/39Ar age spectra with plateau ages indicated (except for

sample H, which yields a near-plateau age).
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metamorphism that affected the Indus Suture Zone long before

continental collision. In the western part of the Indus Suture

Zone, Maluski & Matte (1984) and Honegger et al. (1989) also

reported Mid–Late Cretaceous ages for metamorphism that,

however, has been related to high-pressure conditions.

Emplacement and metamorphism of the North Himalayan
nappes

The 40Ar/39Ar ages of c. 54 Ma for phengite and c. 51 Ma for

biotite from the Tso Morari nappe probably record cooling of the

samples following amphibolite-facies metamorphism, and the

phengite possibly records an earlier phase of the high-pressure

metamorphism (see also De Sigoyer et al. 2000). In the Mata

nappe, the c. 457 Ma 40Ar/39Ar biotite age in the Rupshu granite

is simply a minimum age related to its cooling following

emplacement of the pluton at 482.5 � 1 Ma (Girard & Bussy

1999). No 40Ar/39Ar age has yet been obtained that would date

the metamorphism in the Mata nappe.

The zircon FT ages of the Mata and Tso Morari nappes

suggest that the whole region cooled through the 300–200 8C

temperature range between 47 and 32 Ma. In the core of the

Mata nappe, the small difference in age between zircon and

apatite FT data (ages differ by ,6–8 Ma for some samples)

confirms that the two minerals record different periods of the

same cooling event. These data are consistent with rapid

exhumation of the Mata and Tso Morari nappes to a depth of

some 10–15 km in the time interval between 45 and 40 Ma. This

fast uplift initiated backfolding as a result of overthickening of

the crust in the root zones of the nappes, and consequently

created an early dome structure. The zircon FT ages indicate that

the Mata nappe was emplaced and underwent Barrovian meta-

morphism before c. 45 Ma. This result is consistent with 40Ar/
39Ar ages in the range of 42–45 Ma measured by Wiesmayr &

Grasemann (1999) on illites related to the low-grade metamorph-

ism observed in the frontal part of the nappe.

The 30 Ma age for greenschist-facies retrogression inferred

from 40Ar/39Ar muscovite and biotite analyses by De Sigoyer et

al. (2000) is younger than some of our zircon FT ages. However,

this apparent contradiction is resolved when considering that De

Sigoyer’s samples were collected about 25 km to the west of the

present transect, in a higher-grade zone that underwent amphibo-

lite-facies metamorphic conditions (Fig. 2; kyanite–sillimanite–

staurolite zone mapped by Girard (2001)). Consequently, De

Sigoyer’s samples cooled below the critical temperature for argon

retention later than samples from the present study. The disagree-

ment could also be partly due to a PAZ temperature range for

zircon that is higher than the generally accepted values of 200–

300 8C reported in the literature (Tagami et al. 1998). However,

because the Mata nappe apatite and zircon FT data are similar in

age, the latter explanation seems unlikely. We therefore suggest

that greenschist-facies retrogression is older than c. 40 Ma for

the central part of the Tso Morari nappe, but is c. 30 Ma old in

the western part, which was located in the centre of a thermal

dome.

Late exhumation of the North Himalayan nappes and
brittle activity of the Ribil–Zildat Fault

Modelling the apatite FT ages and track length data provides

additional insight into the low-temperature thermal history across

the nappe. The root zone of the Tso Morari nappe, which is

located close to the Ribil–Zildat Fault, underwent rapid cooling

through c. 110–60 8C between 20 and 5 Ma. This equates to a

minimum cooling rate of 15–20 8C Ma�1, based on modelling of

sample I (Fig. 7a); modelling of samples E, F and H yields

higher cooling rates. At the Tso Morari nappe front, where the

apatite FT ages are older, exhumation rates through the apatite

PAZ appear marginally slower. For example, a gneiss sampled on

the shore of Tso Morari Lake cooled at rates of <5 8C Ma�1

(Fig. 7b). These results suggest that most of the Tso Morari

nappe cooled since Late Eocene time at a fairly slow rate, except

in the footwall of the Ribil–Zildat Fault, where late exhumation

was significantly faster during Miocene brittle reactivation of the

fault.

16

15

14

13

12

0 10 20 30 40 50

Indus Molasse
Tso Morari nappe
Mata nappe

Ladakh Batholith

Central FT ages (Ma)

Fig. 5. Relationships between mean horizontal confined track lengths and

fission-track ages. It should be noted that in the Tso Morari nappe, the

longest mean track lengths are related to the youngest ages, and in the

Mata nappe the longest mean track lengths are related to the oldest ages.

Error bars correspond to the standard error of the mean for FT ages and

lengths (not plotted when the symbol is larger than the error bar).

Fig. 6. Inferred T–t path for a phase III (Sharma 1991) granite of the

Ladakh Batholith (sample A) and for a late deposition of the adjacent

Indus Molasse (sample B). Sizes of the rectangles reflect the errors.

Thrusting of the molasse onto the batholith could have perturbed the

cooling history of the batholith during Eocene–Oligocene time; this

period is suggested by K/Ar ages between 40 and 35 Ma for illites from

the molasse (Van Haver et al. 1986).
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In the Mata nappe, old and young FT ages occur at similar

elevations and samples have similar variations in mean track

length. No clear systematic relationship between sample FT

parameters and location is observed, although the youngest ages

occur in the southern part of the nappe. The youngest ages

(samples Q, S and T) come from the upper part of the nappe in

samples that originated from deeper crustal levels than the core

of the Rupshu granite, which yields the oldest age (39.9 �
0.3 Ma). The youngest age also has the shortest mean track

length, indicating slower cooling through the apatite PAZ com-

pared with the rest of the Mata nappe (Fig. 7c and d).

Collectively, these data suggest that the Mata nappe experienced

an early phase of rapid exhumation that terminated around 40–

35 Ma, when the core of the nappe reached shallow structural

levels (c. 3–5 km depth). Subsequent denudation has been

moderately slow, except perhaps in the southern part of the nappe

where an early dome folding phase and slightly faster denudation

created a basin-type structure.

The slow cooling rates recorded in the Tso Morari and the

Mata nappes since Late Eocene time are probably caused by the

combination of weak tectonic activity and occurrence of dry

climatic conditions.

Discussion and conclusions

Steck et al. (1998) and Girard (2001) presented a kinematic

model to explain the tectonic evolution of the NW Himalaya

along the Tso Morari–Spiti–Mandi transect. The new data

presented here permit further refinement of this model (Fig. 8),

as follows.

Around 55 Ma, during continental collision between India and

Asia (Garzanti et al. 1987), the Tso Morari slab was subducted

to a depth of at least 90 km where it underwent eclogite-facies

metamorphism (De Sigoyer et al. 1997, 2000; Guillot et al.

1997; Mukherjee & Sachan 2001). Above the surface of under-

thrusting, the upper part of the Indian crust was sheared off and

accreted, generating the Mata and Tetraogal nappes. Around the

same time, compressive stress in the internal parts of the Indian

margin generated the NE-vergent Shikar Beh nappe (Steck et al.

1993; Epard et al. 1995).

Fig. 7. In (a)–(d), the upper panels show

thermal histories (bold line) of

representative samples through the apatite

PAZ; the lower panels show observed and

predicted track length parameters, using the

annealing model of Laslett & Galbraith

(1996) based on Durango apatite.
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During early Eocene time, the Tso Morari slab was sheared

off the subducted Indian crust and transported by buoyancy

forces (Chemenda et al. 1995, 2000) toward the Earth’s surface

at a vertical exhumation rate of at least 5 mm a�1 (De Sigoyer et

al. 2000). At c. 47 Ma the nappe stack was emplaced and the

Tso Morari nappe was situated at a depth of c. 30 km (De

Sigoyer et al. 2000; Girard 2001). Medium-pressure–high-tem-

perature retrograde metamorphism occurred at this time, and was

probably synchronous throughout the entire nappe stack. This is

also the time of the last magmatic pulse in the Ladakh Batholith

(Weinberg & Dunlap 2000).

By 45–40 Ma, fission-track data suggest that the entire nappe

stack had been exhumed to a moderately shallow depth (c.

10 km). This implies fairly rapid vertical exhumation, estimated

in the Tso Morari nappe to be 2–5 mm a�1. This fast uplift

initiated backfolding as a result of overthickening of the crust in

the root zones of the nappes, and consequently created an early

dome structure. The exhumation of the Tso Morari gneiss dome

is therefore c. 20 Ma older than the exhumation of the Kangmar

gneiss dome situated in the eastern part of the Himalayan belt

(Chen et al. 1990; Guillot et al. 1998). Also during Late Eocene

time, the Indus Molasse was locally thrust over the Ladakh

Batholith.

Between 40 and 20 Ma, there was little tectonic activity in the

North Himalayan nappe stack and dry climatic conditions

probably appeared. Overall exhumation rates declined during this

period.

At c. 20 Ma, the root zones of the nappe stack experienced

increased exhumation linked to brittle reactivation of the Ribil–

Zildat Fault. The North Himalayan nappe stack experienced

extension, and in its frontal parts the Central Himalayan Detach-

ment Zone (also know as the South Tibetan Detachment Zone;

Burchfield & Royden 1985) developed between 22 and 19 Ma

(Dèzes et al. 1999). Extension was coincident with extrusion of

the Crystalline nappe along the Main Central Thrust at 23–

17 Ma (Frank et al. 1977; Hubbard & Harrison 1989; White et

al. 2002; Schlup 2003).

At present, late dome and basin structures are active with

MOHO

SW NE

Shikar Beh
nappe

Lagudarsi La thrust

100 km

100 km

R
ibil-Zildat

FaultMata nappe

Crystalline nappe

MCT

HFT

30 km

Central Himalayan
Detachment

.> 55 Ma
End of oceanic subduction.

55 Ma
HP-LT eclogite-facies
conditions in Tso Morari slab.
Shikar Beh nappe emplacement.
Beginning of Mata nappe
emplacement.

55-47 Ma
Extrusion of Tso Morari nappe.
Initiation of Ribil-Zildat Fault.
Barrovian type metamorphism
in Mata and Tso Morari nappes.
Last magmatic pulse
in Ladakh Batholith.

40-45 Ma
End of Mata and Tso Morari
nappe emplacements.
Doming in the root zone
of Tso Morari nappe.
Indus Molasse is locally thrust
over the Ladakh Batholith.

20 Ma
Extrusion of the Crystalline
nappe along the Main Central
Thrust (MCT).
Extension in front of Mata nappe.
Brittle activity of Ribil-Zildat Fault.

Present
Thrusting along the Himalayan
Frontal Thrust (HFT).
Dome and basin folding and
dextral transpression.

Tso Morari gneiss

Rupshu granite

Vertical exaggeration
Not to scale

Ve > 5 mm/yr

Ve = 2 to 5 mm/yr

Ve < 0.5 mm/yr

Ve > 0.5 mm/yr

Fig. 8. Tectonic model for the Indus

River–Tso Morari–Spiti–Mandi transect,

modified from Steck et al. (1998) and

Girard (2001). Ve, vertical exhumation rate

for the root zone of Tso Morari nappe.
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wavelengths of 50–150 km and amplitudes of several thousands

of metres. North-striking normal faults that form an angle of 458

with the Indus Suture, such as the Tso Morari Fault, are related

to regional dextral transpression. Thrust activity has been

transferred to the south along the Himalayan Frontal Thrust.
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to R. Phillips and M. Thöni for their thorough and constructive reviews.

References

Berthelsen, A. 1953. On the geology of the Rupshu District, NW Himalaya; a

contribution to the problem of the central gneisses. Meddelelser fra Dansk

Geologisk Forening, 12, 351–414.

Burchfield, B.C. & Royden, L.H. 1985. North–south extension within the

convergent Himalayan region. Geology, 13, 679–682.

Chemenda, A.I., Mattauer, M., Malavieille, J. & Bokun, A.N. 1995. A

mechanism for syn-collisional rock exhumation and associated normal

faulting: results from physical modelling. Earth and Planetary Science

Letters, 132, 225–232.

Chemenda, A.I., Burg, J.P. & Mattauer, M. 2000. Evolutionary model of the

Himalaya–Tibet system: geopoem based on new modelling, geological and

geophysical data. Earth and Planetary Science Letters, 174, 397–409.

Chen, Z., Liu, Y., Hodges, K.V., Burchfiel, B.C., Royden, L.H. & Deng, C.

1990. The Kangmar dome: a metamorphic core complex in southern Xizang

(Tibet). Science, 250, 1552–1556.

Cosca, M.A., Mezger, K. & Essene, E.J. 1998. The Baltica–Laurentia connec-

tion: Sveconorwegian (Grenvillian) metamorphism, cooling, and unroofing in

the Bamble Sector, Norway. Journal of Geology, 106, 539–552.
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Frank, W., Thöni, M. & Purtscheller, F. 1977. Geology and petrography of

Kulu–South Lahul area. Colloques Internationaux du CNRS, 268, 147–160.

Frank, W., Graseman, B., Guntli, P. & Miller, C. 1995. Geological map of the

Kishtwar–Chamba–Kulu region (NW, Himalaya, India). Jahrbuch der

Geologischen Bundesanstalt, 138, 299–308.

Fuchs, G. & Linner, M. 1996. On the geology of the suture zone and Tso Morari

dome in Eastern Ladakh (Himalaya). Jahrbuch der Geologischen Bundesan-

stalt, 139, 191–207.

Galbraith, R.F. 1981. On statistical models for fission track counts. Mathematical

Geology, 13, 471–478.

Gansser, A. 1964. Geology of the Himalayas. Wiley, Lonfon.

Garzanti, E. & Van Haver, T. 1988. The Indus clastics: forearc basin

sedimentation in the Ladakh Himalaya (India). Sedimentary Geology, 59,

237–249.

Garzanti, E., Baud, A. & Mascle, G. 1987. Sedimentary record of the northward

flight of India and its collision with Eurasia (Ladakh Himalaya, India).

Geodinamica Acta, 1, 297–312.

Girard, M. 2001. Metamorphism and Tectonics of the Transition between Non-

metamorphic Tethyan Himalaya Sediments and the North Himalayan Crystal-

line Zone (Rupshu AreaLadakh, NW India). Mémoire de Géologie (Lau-
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