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The cooling and tectonic history of the Higher Himalayan Crystallines (HHC) in southwest Zanskar
(along the Kishtwar-Padam traverse) is constrained by K-Ar biotite and fission-track (FT) apatite and
zircon ages. A total of nine biotite samples yields ages in the range of 14-24 Ma, indicating the postmetamorphic cooling of these rocks through ~ 300~ in the Miocene. Overall, the ages become younger
away from the Zanskar ShearZone (ZSZ), which marks the basement-cover detachment fault between
the HHC and the Tethyan sedimentary zone, towards the core of the HHC. The same pattern is also
observed for the FT apatite ages, which record the cooling of the rocks through ~ 120~ The apatite ages
range from 11Ma in the vicinity of the ZSZ to 4Ma at the granitic core of the HHC. This pattern of
discordant cooling ages across the HHC in southwest Zanskar reveals an inversion of isotherms due to fast
uplift-denudation (hence cooling) of the HHC core, which is, in turn, related to domal uplift within the
HHC. The Chisoti granite gneiss is the exposed domal structure along the studied traverse. Cooling
history of two granite gneisses at the core of the HHC is also quantified with the help of the biotite,
zircon and apatite ages; the time-temperatures thus obtained indicate a rapid pulse of cooling at ,,~ 6 Ma,
related to accelerated uplift-denudation of the HHC core at this time. Long-term denudation rates of
0.5-0.7 mm/yr are estimated for the high-grade rocks of the Higher Himalaya in southwest Zanskar over
the past 4.0-5.5 m.yr.

1. I n t r o d u c t i o n
The Himalayan orogen produced by the collision of
the Indian plate with Asia during the Cenozoic (e.g.,
Thakur 1987; Le Fort 1989) offers unparalleled
opportunities for studying the response of the lithosphere to tectonic stresses arising from the head-on
collision of continental plates. Especially important in
this context is the Higher Himalayan Crystalline
(HHC) zone, which forms the backbone of the
Himalaya (Saxena 1971), the main metamorphic belt
and axis of maximum surface uplift of the orogen
(Thakur 1980), and represents the 'basement reactivation' of the leading edge of the Indian shield as
a result of collisional tectonics (Dewey and Burke

1973). As such the HHC zone provides crucial
keys to understanding the processes shaping the
Himalayan orogen, and towards this end, it is
important to investigate quantitatively the thermal
and tectonic regimes governing the evolution of the
HHC. Thermochronological data in the form of
time and temperature pathways of rocks provide a
significant component of such quantitative knowledge
of Himalayan tectonics.
In this paper, we report mica cooling ages from the
HHC rocks exposed in southwest Zanskar, along the
Kishtwar-Padam traverse. These K-Ar biotite ages
together with apatite and zircon fission-track (FT)
ages from the same rocks (Kumar et a11995) are then
used to discuss the Neogene cooling history of the
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HHC in this part of the Himalaya as it sheds light on a
process of apparent thermal inversion within the HHC
related to domal uplift and fast denudation and
cooling. The HHC in southwest Zanskar is particularly important to study for its excellent exposure of
gneiss domes (Kundig 1989).
2. Geologic setting of S o u t h w e s t Zanskar
Zanskar Himalaya (figure 1) in northwest India is
situated to the south of Ladakh. The Ladakh region
mainly exhibits rocks of the pre-Himalayan subduetion stage of the Tethys Ocean beneath the southern
margin of Asia (Honegger et a11982; Searle et a11988;
Sharma 1991), and consists of the Ladakh Batholith
(the I-type granitoids derived from partial melting of
the subducting Tethyan floor), the Dras Volcanics
and ophiolite melange, high-pressure blueschist metamorphic rocks, and sediments typical of arc-trench
gap. The volcano-sedimentary complex along the
southern margin of the Ladakh Batholith is referred
to as the Indus Suture Zone, which marks the initial
plate boundary between the Indian and Asian plates.
Zanskar Himalaya exposes rocks of both the HHC
and the sedimentary zone of the Tethys Himalaya
(e.g., Nanda and Singh 1976; Sharma and Kumar
1978; Srikantia et al 1978; Baud et al 1984; Searle
et al 1988) (figures 1 and 2). The Tethys Himalaya

Figure 1. A simplified geological map of the Zanskar
Himalaya in northwest India (modifiedafter Kundig 1989).

comprises the highly fossilliferous shelf and slope
sediments of Cambrian-Early Eocene time. The
Zanskar Tethyan zone is a link between the Spiti
and Kashmir Tethyan sedimentary zones. The HHC
in Zanskar continues southwestward to the Lahaul
region.
The contact between the HHC and the overlying
Tethyan zone has been debated over the past two
decades (see Herren 1987, for a history of the debate).
Studies by Searle (1986), Herren (1987) and McElroy
et al (1990) have demonstrated that this basementcover contact is a top-down-to-northeast normal fault,
called the Zanskar Shear Zone (ZSZ) (Herren 1987),
probably resulting from the gravitational spreading of
the Tethyan cover sediments as a wedge of the basement rocks (the HHC) rapidly uplifted. Previously,
Baud et al (1984) had proposed a thrust fault
contact between the Zanskar crystallines and the
Tethyan zone. Patel et al (1993) and Jain and
Manickavasagam (1993), who also mapped extensional structures along the ZSZ, argued that it is a
more complex structure than simply a normal fault.
These authors showed kinematic indicators of an
earlier top-to-southwest thrust superimposed by later
extensional structures. They also argued that extensional structures are found within the HHC, as well.
Considering the evidences described in the above
references, the view held in this paper is that the ZSZ
is a basement-cover fault with an earlier phase of
thrusting and a later phase of normal faulting.
Sorkhabi et al (1993) reported mica ages across the
ZSZ in western Zanskar (Suru Valley), indicating that
the normal faulting in the ZSZ was active between 23
and 18Ma (the hanging wall rocks having cooled
earlier than the footwall rocks).
Within the Zanskar crystallines a window of the
Lesser Himalayan rocks has" outcropped in Kishtwar
and its surrounding area along the thrust planes of the
Main Central Thrust (MCT) (figure 2). The Kishtwar
Window consists of low-grade metasediments (carbonaceous phyllite, quartzite and schist), metavolcanics
and granite gneiss, and represents a late Cenozoic
uplift of an antiformal (domal) structure beneath the
Zanskar crystallines (Kumar et al 1995).
The HHC in Zanskar is a 15-20km thick, NE dipping ductile zone (Jain and Manickavasagam 1993).
It consists of high-grade metamorphic rocks and
various granitoids (figure 2). The metamorphic
complex is originally of Proterozoic-Cambrian age
(belonging to the Indian shield), but has been remobilized and strongly overprinted by the Tertiary
Himalayan orogeny. It includes ortho- and paragneisses, mica schists, migmatites and amphibolites,
that have undergone regional metamorphism from
biotite grade (middle greenschist facies) through
sillimanite-K-feldspar (upper amphibolite facies)
(Wakhaloo and Dhar 1972; Searle et al 1988; Kundig
1989; Poguante and Lombardo 1989; Staubli 1989;
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Figure 2. Geological map of the Zanskar Himalaya, showing major tectonic units and regional metamorphic isograds.
9 Lesser Himalayan Proterozoic formations (Autochthonous Kishtwar Window): 1. Woil Formation (granitic gneiss); 2. Phyllite,
schist; 3. Dul Formation (quartzite, metavolcanics); 4. Carbonaceous Phyllite;
9 Higher Himalayan Crystallines: 5. Schist-gneiss, migmatite, amphibolite; 6. granitoid intrusives; 7. leucogranite;
9 Tethyan sedimentary zone: 8. Haimanta Group; 9. Phe Volcanics; 10. Lilang Group; 11. Granite;
9 Indus Suture Zone: 12. Dras Volcanics;
9 Faults: 13. Main Central Thrust; 14. Zanskar Shear Zone; 15. Indus Thrust;
9 Metamorphic isograd boundaries: 16. garnet; 17. Kyanite-staurolite; 18. Sillimanite-muscovite; 19. SillimaniteK-feldspar;
9 B H N (Bhazuan Nala; B N (Bhot Nala); CN (Chirang Nala); D D G (Durng Glacier); DN (Dharlang Nala); I-IHC (Higher
Himalayan Crystalline); H N (Hangshu Nala); H T (Haptal Tokpo); K T (Kange Tokpo); M O T (Main Central Thrust); M T
(Mulung Tokpo); ST (Sumche Tokpo); T T (Temasa Tokpo); ZN (Zanskari Nala); ZSZ (Zanskar Shear Zone) (Based on our
own observations and those of Srivastava 1982; Vohra et al 1982; Honegger et al 1982; Searle 1986; Herren 1987; Kundig 1989;
Staubli 1989).
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Pognante et a11990; Jain and Manickavasagam 1993;
Patel et al 1993).
On the basis of microstructural relationships, a
polymetamorphic history has been documented in
Zanskar (Pognante and Lombardo 1989; Staubli 1989;
Pognante et al 1990). An early metamorphic event
(M1) was overprinted by a second regional metamorphic event (M2), which was further followed by a
retrograde metamorphism (M3) of local nature (confined to the Kishtwar Window area or the ZSZ). M1
and M2 were of Barrowian type with rocks of
amphibolite facies, while M3 was in low grade (under
greenschist facies conditions) characterized by the
assemblage quartz-muscovite-chlorite in the Kishtwar
MCT (Staubli 1989) and the assemblage muscovitebiotite-chlorite in the mylonites and cataclasites of the
ZSZ (Pognante et al 1990). According to Pognante
and Lombardo (1989) and Pognante et al (1990), M2
which followed M1 was a pervasive syn-tectonic
metamorphic event (M2) with slightly lower P and
T than M1. According to Staubli (1989), who
investigated the Kishtwar MCT and the Bhot Nala
section (figure 2), M2 was characterized by a drop in
pressure but an increase in T, and M2 was thus
temperature dominant, reaching up to sillimanitefibrolite grade. This latter view has also been
supported by Kundig (1989).
On the basis of phase equilibria and thermobarometric analysis of rocks at the core of the HHC
in southeast Zanskar and Lahaul, Pognante and
Lombardo (1989) and Pognante et al (1990) calculated a maximum pressure (P) of 12.0 + 0.5 kbar and
maximum temperature (T) of 750 + 50~ for metabasic rocks, and T --- 520-750~ and P = 6-7.5kbar
for metapelitic rocks. Staubli (1989) reported thermobarometric analysis of nine metapelites along the Bhot
Nala section yielding T = 500-650~ and P = 56 kbar~ with temperatures increasing from the Kishtwar MCT toward the HHC core.
A more comprehensive thermobarometric study in
southwest Zanskar was carried out by Jain and
Manickavasagam (1993), who found that the syntectonic garnet core records T=550~ and P = 8 - 9 kbars
in the staurolite-kyanite zone, close to the MCT; these
values increase progressively toward the higher grades
and attain a maximum of T = 780+50~
and
P = 10.5-11.5kbars in the sillimanite-K-feldspar
zone. Migmatites show a reduction of ,,~ 100~ in
the T values and 2-3 kbars in the P values in the same
metamorphic zone.
Distribution of metamorphic isograds in the Zanskar Himalaya is complex. Along the Suru Valley in
western Zanskar, the metamorphic regime is of
'divergent' type as elaborated by Thakur (1977) for
the HHC in Himachal and central Himalaya. At the
core of the HHC along the Suru Valley the metamorphism is in sillimanite-muscovite grade, but it
decreases on both sides through kyanite-staurolite to

garnet grade as one approaches the Tethyan cover
sediments. To the south of Pensi La, the ZSZ has
thinned and truncated the isograds. Around the
Kishtwar MCT, metamorphism is in garnet grade,
but increases upward the topographic and structural
levels through staurolite, kyanite to sillimanite-Kfeldspar grades (hence the inverted or reversed
metamorphism), and finally the ZSZ obliquely cuts
the isograds (figure 2). This 'telescoping' of isograds is
a direct result of shearing, and as such the ZSZ is a
post-metamorphic fault (Herren 1987), although the
age difference between peak metamorphic conditions
and the initiation of the extensional faulting may have
been quite a short span of time.
Granitic rocks of the HHC in Zanskar have not been
dated extensively. Available geochronological data
demonstrate at least two generations: The Ca.mbroOrdovician biotite granites and the Early Miocene
tourmaline-bearing leucogranites. Honegger et al
(1982) extrapolated a Rb/Sr isochron for two samples
from the Suru Valley as 500 Ma. Pognante et al (1990)
reported a five-point Rb-Sr isochron of 549 4-70 Ma
for a metagranitoid and a U / P b concordia of zircon
and monazite at 472 + 9 / - 6 Ma for an orthogneiss in
southeast Zanskar-Lahaul region. Noble and Searle
(1995) have reported U-Pb monazite ages of 20.619.5Ma for leucogranitic melt pods in migmatites
within the sillimanite-K-feldspar zone in southwest
Zanskar, and 20.8 + 0.3 Ma from the leucogranites of
the Suru Valley. These leucogranites, like many other
Higher Himalayan leucogranites, were produced from
the partial melting of the Indian continental crust
during the Himalayan orogeny (Honegger et al 1982;
Searle and Fryer 1986; Ferrara et al 1991). U-Pb
monazite data reported by Noble and Searle (1995)
contain --~ 460Ma inherited component, indicating
that the protoliths were probably Cambro-Ordovician
granites.
Irrespective of their intrusive ages, the cooling ages
of all the granitic rocks are Early Miocene, 4ndicating
that the pre-Himalayan granitoids were also remobilized during the Himalayan orogeny. For example,
Pognante et al (1990) determined a Rb-Sr biotite age
of 21 + 3 Ma for the 549-Ma orthogneiss in southeast
Zanskar, which is similar to the mica cooling ages
reported from the leucogranites in Zanskar (Honegger
et al 1982; Searle and Fryer 1986; Villa and Oddon
1988; Ferrara et al 1991; Sorkhabi et al 1993).

3. A n a l y t i c a l d a t a
For K-Ar dating, rock samples were crushed, sieved,
and washed in ion-exchanged water to remove powder
residue. Separation and purification of biotite was
carried out by decanting, tapping, and a Franz magnetic separator. K-Ar dating was carried out at the
Hiruzen Research Institute, Okayama University of
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K/Ar analytical data for biotite separates from the Higher Himalayan Crystallines (HHC), southeast Zanskar, India.

Sample code

Potassium
(weight %)

Radiogenic 4~
(10 -8 ccSWP/g)

Non-radiogenic
Ar(%)

P18/74
P49/189
U21/21
U32/34
U50/53
U77/89
A63/77
A67/87
T22B/29

7.46 4- 0.15
7.55 4- 0.15
7.51 4- 0.15
7.04 4- 0.14
7.40 4- 0.15
7.65 4- 0.15
7.64 4- 0.15
7.55 4- 0.15
7.77 4- 0.15

727.8 :t: 11.1
579.3 • 5.8
510.1 4- 5.1
460.9 4- 4.6
455.0 4- 4.6
407.3 • 4.1
479.3 4- 4.8
512.6 4- 5.3
719.7 4- 7.2

2.2
1.5
1.2
1.5
1.7
3,0
1.9
2.5
2.2

Table 2.

Age
(Ma)
24.9
19.7
17.4
16.8
15.8
13.7
16.1
17.4
23.7

+ 0.6
4- 0.4
4- 0.4
4- 0.4
4- 0.4
4- 0.3
4- 0.4
4- 0.4
4- 0.5

Lithology, altitude, biotite K-Ar ages and apatite FT ages of the samples used in this study.
Lithology

Altitude
(m)

Migmatite
Granite gneiss
Gneiss
Gneiss
Sillimanite gneiss
Granite gneiss
Sillimanite gneiss
Migmatite
Gneiss

4140
4080
4440
3420
3360
2360
2800
3480
1020

Sample code
P18/74
P49/189
U21/21
U32/34
U50/53
U77/89
A63/77
A67/87
T22B/29

Biotite K-Ar age
(Ma)
24.9
19.7
17.4
16.8
15.8
13.7
16.1
17.4
23.7

Zircon F T age
(Ma)

Apatite F T age
(Ma)

0.6

44- 0.4
4- 0.4
4- 0.4
4- 0.4
4- 0.3
4- 0.4
4- 0.4
4- 0.5

8.1
11.0
7.1
4.9
5.5
4.4
4.1
4.9
5.1

6.2 4- 0.6
6.5 4- 0.fi

4- 0.4
• 0.3
• 0.3
4- 0.4
4- 0.2
4- 0.5
4- 0.2
4- 0.3
4- 0.4

The F T ages are from Kumax et al (1995).
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Science. Itaya et al (1991) have given the detailed
laboratory procedure and age equation. The constants
used follow Steiger and J//ger (1977). Biotite separates
were 80-150 mesh size. Potassium content was determined by flame photometry using a 2000ppm Cs
buffer. Biotite separates (each weighing ~ 0.05 g) were
decomposed for the K-analysis by treatment with HF
and HNO3 in a teflon beaker. Multiple runs (along
with the unknown samples) of a working chemical
standard showed the uncertainty of the K-analysis to
be within 2%. An average value of double runs for
each sample was used in the age calculation. Samples
for argon analysis (each weighing ~ 0.1g) were
wrapped in A1 foil, pre-heated at 150 ,~ 200~ for
about 24 hours in a vacuum. Argon was extracted in
an Mb crucible at 1500 ,~ 1600~ in an ultra-high
vacuum line. Clean-up of reactive gases was done by a
Ti-Zr scrubber. Argon was analysed on a 15 cm-radius
sector-type mass spectrometer, using isotopic dilution
method and 3SAr spike. The mass discrimination was
checked with the atmospheric argon once every day.
The double analysis of the age standard JG-1 (91 Ma)
along with the unknown samples ensured the uncertainty of the age data to be within 2%. Table 1 gives
the K-Ar analytical data.
The FT apatite and zircon ages were also determined on the same samples. The analytical data for
the FT dating have been given in Kumar et al (1995).
Table 2 gives the combined biotite, zircon and
apatites ages together with description of lithology
and field elevations of the samples. Figure 3 shows the
map locations of the samples.
4. D i s c u s s i o n a n d t e c t o n i c

ct al 1985; Nishimura and Mogi 1986). For fission
tracks in apatite a closure temperature of 120 -t- 10~
(Wagner et al 1977; Saini and Nag-paul 1979; Naeser
1981; Gleadow et al 1983; Nishimura and Mogi 1986)
and for zircon a closure temperature of 230 + 20~
(Zeitler 1985; Hurford 1991; Tagami et al 1996) are
estimated for cooling rates of > 10 < 100~
All
these closure temperatures are significantly lower
than the thermal peak conditions of the metamorphic
rocks in Zanskar (500-750~
as described in the
precedent section. As such, the cooling ages are postmetamorphic cooling ages.
A total of nine biotite samples from metamorphic
rocks were dated in this study. The biotite ages range
from 13.7 to 24.9 Ma (table 2; figure 3). Similar mica
ages have been reported from other parts of the HHC
(for a review see Mehta 1980; Sorkhabi and Stump
1993), including 4~
mica ages from the Suru
Valley in western Zanskar (Searle et a11992) and RbSr biotite ages from Lahaul (Frank et al 1977). Since
our biotite ages are of Miocene age (similar to other
mica ages from the HHC), the problem of excess argon
in the biotite ages reported here can be regarded as
insignificant.
These are the first mica ages reported from the
HHC along the Kishtwar-Padam section. The significance of these age data lies in their pattern of
distribution. Figure 4 shows a schematic geological
Kishtwar
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4.1 Post-metamorphic cooling history
and domal uplift

0

In high-grade metamorphic belts, mineral radiometric
ages obtained by the Rb-Sr, K-Ar (or 4~
and
FT methods represent steps of cooling of rocks
following the thermal acme of metamorphism (e.g.,
Wagner et al 1977; Zeitler 1989). High-grade dynamothermal (regional) metamorphism, which has
affected the HHC belt, was caused by the continental
subduction, burial and crustal thickening of the
leading edge of the Indian plate. Following the peak
metamorphic conditions, the rocks move toward the
surface through denudational processes (tectonic
denudation or erosional unloading) and thus cool.
During the cooling, radioisotopic systems in mineral
phases began to record the time-temperature conditions. Each radioisotopic system-mineral phase has a
particular temperature threshold (closure or blocking
temperature), below which daughter isotopes or
radiation damages began to accumulate.
Closure temperature for Ar in biotite is considered
to be 300 =t=50~ (e.g., Wagner et al 1977; Harrison
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Figure 4. Distribution of cooling ages across the Higher
Himalayan Crystalline rocks along the Kishtwar-Padam
traverse in southwest Zanskar. The cooling ages indicate an
inversion of isotherms probably due to domal uplift and
relatively faster uplift-denudation of the core rocks. See text for
discussion.
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cross section of the HHC in southwest Zanskar
together with the biotite, zircon and apatite ages of
the rocks collected in this traverse. The biotite age
from a migmatite (sample P18/74) close to the ZSZ is
24.9 =t=0.6 Ma and another age from a nearby sample
(granite gneiss; P49/189) is 17.4:i=0.4Ma (this
discordance may reflect a local variation in the cooling
history of these two samples; note that sample P18/74
comes from the Mulung Topko valley while sample
P49/189 comes from the Haptal Topko valley, see
figure 3). Similarly, the biotite age from a gneiss
sample (T22B/29) to the west of the Kishtwar
Window (close to the Kashmir Tethyan zone) is
23.7+0.5Ma. However, the biotite ages become
progressively younger toward the core of the HHC
(close to the Kishtwar MCT) reaching an age of
1 3 . 7 i 0.3Ma at the Chisoti gneiss dome (sample
U77/89) (figures 3 and 4; table 2).
This pattern is remarkable and provides insights
into the differential cooling history of the rocks within
the HHC. It indicates that the HHC core has
undergone faster denudation and cooling than its
margins close to the Tethyan zone, thus resulting in
an inversion of isotherms. An alternative explanation
is that during rapid deformation and uplift of the
HHC core rocks, radiogenic argon in the biotite of the
core rocks was depleted, thus resulting in younger
ages. Such an interpretation has been given for some
young mica ages in the HHC in southern Tibet (the
Nayalam section) (Maluski et al 1988). Although this
explanation also requires faster uplift-denudation of
the core rocks, we refute it because the FT apatite
ages from the same samples also show a pattern
conformable with that of the biotite ages, thus demonstrating a differential cooling history rather than Figure 5. Coolinghistory of two granite gueisses at the core of
argon loss. Apatite ages close to the ZSZ are 11-8 Ma, the Higher Himalayan Crystallines, southwest Zanskar, reconbut they become younger towards the core rocks structed using the biotite-zircon-apatite cooling ages and
reaching an age of N 4 Ma (figure 4; table 2). There- corresponding closure temperatures. Note the accelerated
cooling after 6 Ma, especially between 6-4 Ma. The large =t=
fore, the pattern of cooling ages (both biotite and values on cooling rates are statistical uncertainties calculated
apatite) becoming progressively younger away from taking into account uncertainties in the closure temperatures
the ZSZ toward the HHC core truly reflects an and ages.
inversion of isotherms related to relatively faster uplift
and denudation of the core rocks.
Kundig (1989) has studied the domal structures in
the Zauskar Himalaya. Along the Bhot Nala traverse mined by Kumar et al (1995) for two rocks at the
(figure 3), where most of our samples come from, the HHC core in conjunction with the biotite and apatite
Chisoti Dome is an exposed domal structure. Indeed ages from the same rock samples provide information
on the trend of cooling of the rocks during the
the youngest biotite (13.7 =k0.3 Ma) and apatite
(4.4+ 0.5Ma) ages come from the granite gneiss Neogene (figure 5).
Sample U77/89 (granite gneiss from the Chisoti
(sample U77/89) of the Chisoti Dome (figure 4;
table 2). It is thus reasonable to attribute the thermal Dome) gives an average cooling rate of 9~
inversion and faster uplift-denudation of the HHC core for the period 13.7 and 6.2Ma (respectively the
to the generation of the Chisoti Dome in this traverse. biotite and zircon ages), while the cooling rate
between 6.2 and 4.4 Ma (the zircon and apatite ages)
is 61~
and the cooling rate for the past 4.4 m.y.
4.2 Late Miocene pulse of rapid cooling
is 26~
(figure 5). A similar trend is also
Not all the rocks in this study yielded crops of zircon observed for the sample A67/87, which is a gneiss
for FT dating. Nevertheless, two zircon ages deter- collected from the sillimanite zone of the HHC.
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The average cooling rate between 16.1 and 6.5Ma
(biotite-zircon) is only 7~
while it rapidly increases to 46~ for the period 6.5-4.1 (zircon-apatite)
and 28~
for the past 4.1m.y. (figure 5). A
remarkable result depicted in figure 5 is that the
cooling rate of the HHC core increased severalfold after 6Ma, with the period 6-4 Ma marking a
pulse of rapid cooling, probably in a response to a
pulse of accelerated uplift and denudation at this
time.
It is notable that this uplift-cooling pulse at 6-4 Ma
in the HHC is consistent with three other observations
made independently as follows:
(i) It corresponds to the transition from the Middle
to the Upper Siwaliks, and a rapid increase in
grain size of the Siwalik sandstones; the Upper
Siwalik formations being dominated by conglomerates (Raiverman et al 1983).
(ii) The Pliocene Upper Siwaliks also yield an
abundant amount of kyanite, indicating fast
erosion of high-grade metamorphic rocks in the
Higher Himalaya beginning with the Pliocene
(Chaudhri 1984).
Off) Finally, it is notable that the Kashmir intermontane basin was also developed at 5 - 4 M a
related to the uplift of an ancestral Pir Panjal
(Burbank and Johnson 1983), and also the Salt
Range uplifted along a thrust fault at this time
(Burbank and Beck 1989).
The above observations from various parts of the
northwestern Himalaya together with the evidence
supplied by the FT cooling ages from core rocks of
the HHC in southwest Zanskar point to a rapid
pulse of uplift and denudation on a regional scale
at 6-4 Ma. This Pliocene tectonism in the Himalaya
pre-dated the late Cenozoic glacial ages in the
northern hemisphere, and it is consistent with the
hypothesis that the uplift-denudation processes in
the Himalaya and adjacent mountains in southcentral Asia was probably a major factor in the
initiation of the northern hemisphere glaciation over
the past 2.5 million years (Raymo and Ruddiman
1992).

4.3. Long-term denudation rates in the
Higher Himalaya, southwest Zanskar

Following the pioneering works in the Alps (Clark and
Jgger 1969; Wagner et al 1977), many attempts have
been made to calculate denudation rates from
thermochronological data. Time-temperature data
obtained from cooling dates of minerals enable us to
determine cooling rates of rocks as the rocks uplift
to surface, eroded and cool. Such cooling rates
were obtained for two granite gneisses (U77/89 and
A63/77) in the precedent section, based on biotite,
zircon and apatite mineral dates and closure temperatures. In this section, cooling and denudation rates are
calculated for all of the rock samples using their
apatite FT ages and closure temperature, the present
age and mean annual temperature of the study area,
and an assumed geothermal gradient as follows:
D = [(Tap -- Tma)/(tap - tp)]/G.
where
D is denudation rate (mm/yr).
Tap is closure temperature of fission tracks in
apatite (120 + 10~
T~na is mean annual temperature at the surface of
the study area (~ 5~
tap is the FT age of apatite (Ma).
tp is the present age (0), and
G is geothermal gradient (~
The last parameter, G, is not well known in the
Himalaya. Normally, geothermal gradients in the
continental rocks are 20--30~
(Turcotte and
Schubert 1982); however, in the young, active
mountains such as the Himalaya the geothermal
gradient is usually higher, on the order of 30-50~
kin. Furthermore, the isotherms cannot be assumed to
be linear in active orogens; tl~ey are perturbed beneath
a topography undergoing rapid uplift and denudation
(St/iwe et al 1994). This is especially relevant to the
present study since domal uplift in southwest Zanskar
has perturbed the isotherms as discussed in the
precedent section. In order to calculate realistic
denudation rates, we assume a geothermal gradient
of 40~
for the apatite FT ages of 4.0-5.5 Ma,

Table 3. Cooling and denudation rates of the samples based on apatite F T ages (see text for calculations,
assumptions and discussion).

Sample code
P18 I74
P49 q89
U21/21
U32/34
U50/53
U77/89
A63/77
A67/87
T22B/29

Apatite FT age
(Ma)
8.1•
11.0•
7.1•
4.9•
5.5•
4.4•
4.1•
4.9•
5.1•

Net period
(m.yr)
8.1-0
11.0-0
7.1-0
4.9-0
5.5-0
4.4-0
4.1-0
4.9-0
5.1-0

Cooling rate
(~

Denudation rate
(mm/yr)

14.2
10.5
16.2
23.5
20.9
26.1
28.0
23.5
22.5

0.41
0.30
0.46
0.59
0.52
0.65
0.70
0.59
0.56

Domal uplift in Higher Himalayan Crystallines
which come from the more rapidly cooled and
denuded parts of the transect (where the isotherms
are thus compressed), and a geothermal gradient of
35~
for the old apatite FT ages from the rocks
lying far away from the domal uplift zone.
Table 3 shows the results of calculations of cooling
and denudation rates for the rocks in southwest
Zanskar based on the above equation. It is suggested
that over the past 4.0-5.5 million years (i.e., PlioceneQuaternary times), the high-grade rocks of the
Himalaya in southwest Zanskar have cooled at
rates of 21-28~
due to denudation at rates of
0.5-0.7mm/yr. The denudation rates thus obtained
should be considered as average rates for the net time
periods specified for each sample. Nevertheless, these
denudation rates are reasonable estimates for this part
of the Himalaya, and provide quantitative data for
modeling the tectonic and geomorphic evolution of the
Himalayan orogen. Considering the ongoing tectonic
activities of the Himalaya as a result of the India-Asia
convergence, we suggest that the tectonic uplift rates
of the Higher Himalaya in southwest Zanskar must
have been higher than 0.5-0.7 m m / y r over the past 5
million years; otherwise, the mountains would not
have grown to their present high elevations. The
significance of the denudation rates obtained from the
FT data is that unlike the present-day denudation
rates calculated from sediment loads of rivers in the
foreland plains they are place specific and long term,
thus quantifying denudation processes in the root
zone of the mountains over the geological time scales.
4.4. Time constraint on deformation history
of the Higher Himalaya
It is also important to consider the cooling age data in
the context of the metamorphic evolution and
deformation history of the HHC belt. As described
in the precedent section, two main regional metamorphism (M1 and M2) affected the HHC in Zanskar.
Kundig (1989), Staubli (1989), Pognante et al (1990),
Patel et al (1993), who have worked out the structural
deformation history of the HHC in Zanskar, consider
the first deformation (D1) to have been associated
with M1, and D2 with M2. Since the thermal peak of
M2 was sufficient to reset Ar system in micas, the
Miocene-Pliocene cooling ages presented above reflect
the post-metamorphic cooling of M2 and constrain D2
as a Neogene event. (M1 and D1 thus took place in the
Palaeogene.)
According to Kundig (1989), Stanbli (1989) and
Patel et al (1993) in southwest Zanskar, D2 was the
most dominant and penetrative deformation phase of
the HHC with metamorphic index minerals synkinematically grown in its fabric and a north-east dipping
foliation ($2 schistosity).
Asymmetric quartz-feldspar augen, mica, kyanite,
amphibole and sillimanite define the m i n e r a l /
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stretching lineation, L2, with a NE- or SW plunging.
$2 is parallel to the axial surfaces of nearly
isoclinal, reclined to recumbent folds (F2) (Jain
and Manickavasagam 1993; Patel et al 1993). These
authors also note that $2 is a composite S-C planar
fabric dipping between 20 ~ and 40 ~ NE. This fabric
and sheared lenses, rotated porphyroblasts, pressure
shadows and other structural features record a
ductile shearing (extensional tectonics) within the
HHC. The Kishtwar MCT is a steeply dipping (3060 ~ zone parallel to the $2 schistosity, and as such D2
was a syn-MCT event (Staubli 1989) associated with
domal uplifts within the HHC (Kundig 1989). Our age
data are consistent with this deformation model and
constrain its time-temperature pathway.

5. C o n c l u d i n g r e m a r k s
A thermochronological study of the HHC rocks in
southwest Zanskar, along the Kishtwar-Padam section, using K-Ar biotite dates in conjunction with the
FT apatite and zircon ages (Kumar et al 1995) from
the same samples indicate the following:
Q The p o s t - m e t a m o r p h i c cooling of the HHC
rocks following the thermal acme of M2 took place
during the Neogene. The biotite ages fall in the
range of 2 4 - 1 4 M a recording cooling through
temperatures of 300 i 50~ and apatite ages are
11-4 Ma corresponding to cooling temperatures of
120 =k 10~
9 This cooling history was associated with a pervasive
deformation (D2) of the HHC characterized by
the activity of the Kishtwar MCT and domal
uplifts within the HHC. The Chisoti Dome is the
exposed domal structure in the study area.
Domal uplifts and rapid denudation-cooling of
the HHC core rocks produced an inversion of
isotherms recorded by the cooling ages. The
cooling of the rocks was due to erosional unloading as well as tectonic denudation along extensional structures, which have been documented
in the HHC (Kundig 1989; Staubli 1989; Jain
and Manickavasagam 1993). Both erosional unloading and extensional tectonics were a response to
rapid uplift of the Himalayan orogen during the
Neogene.
9 Cooling history of two gneiss rocks from the core
of the HHC indicate that during 6-4 Ma there was
an acceleration in the cooling, denudation and
uplift of the HHC in Zanskar, consistent with an
increase in the Siwalik molasse influx and the
initiation of the Kashmir intermontane basin at this
time.
Based on apatite FT age data, average cooling rates
of 21-28~
and long-term denudation rates of
0.5-0.7mm/yr are estimated for the high-grade
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rocks of the Higher H i m a l a y a in southwest Z a n s k a r
during P l i o c e n e - Q u a t e r n a r y times.
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