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folded by broad, N-S trending,antiformalandsynformal
flexures.
In this paper we summarize K-Ar and Ar-Ar data from
the
Indian
Plate
thrust
stack
that
.record
the
postmetamorphic cooling history and describe their implications
for the timing of uplift and unroofing. All samples are from
areas sufficiently fartothe
west of the Nanga Parbat
syntaxis to be unaffected by current uplift of the syntaxis.
Samples were collected from five of the thrust nappes that
form
the
post-metamorphic
thrust
stack,
both
from
metamorphic rocks within the nappes and from shear zones
which stack
and
imbricate
them.
Hornblende
mineral
separateswereanalysed
by K-Arand Ar-Ar techniques.
K-Ar determinations were made on biotite and muscovite
separates.Analytical details are given in Rex & Dodson
(1970) and Parsons et al. (1988).
Argon
system
blocking
temperatures
used
are:
for
hornblende, 500-550"C (Harrison 1981); formuscovite,
350-400°C (Purdy & Jager
1976);
and
for
biotite,
275-325 "C (Hamson et al. 1985). Zircon and apatite fission
track data definecoolingthroughlower
temperatures of
200 f 25 and 100-140 "C (Zeitler 1985).
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A post-metamorphic Himdaynn cooling history for the crystalline
internal zones of the northern Iadinn plate is d e h e d by amphibole
and mica K-Arnnd Ar-Ar geoehronology. Hornblende, muscovite
and biotite cooling ages from coversequences metamorphosed
during the Himnlaynn orogeny are 35-40,30 to 23, and 29 to 23 Ma
respectively. 'Ibe mica ages, together with those derivedfrom
zircon and apatite 6ssion track data demonstrate a cooling rate of
about 30"C/Ma during the late Oligocene to early Miocene. This
rapid cooling was initiated during the post-metamorphic development of the India0 Plate south-vergingcrustal-scalethrust stack.
Most of the cooling occurred duringthe stripping of some 10 k 2 h
of overburden through a combmtion of erosion, recorded in the
Miocene molPsse sediments of the foreland basin, Pad major crustal
exteasion within upper levels of the Iadian Plate nnd the Main
Mantle thrust zone.Both erosion nnd extension were the direet
consequence of the evolution of the thrust stack.

HimpLpyan cooling ages. Hornblende. Two U-shaped horn-

InnorthwestPakistan
theIndianand
Asianplatesare
separated by the Kohistan Island Arc which was sutured to
Asia atabout100Ma(Cowardet
al. 1986; Treloar et al.
1989~).Himalayan 'collision in the northwest Himalaya, at
about 50 Ma, was therefore effectively between the island
arcandIndia,
with KohistanthrustoverIndiaalongthe
Main Mantlethrust.Thisthrust,acrustalscalenorthdipping fault zone, is the westwardcontinuation of the
Indus-Tsangbo suture zone.
Detailed
analyses
of themetamorphicandtectonic
development of the crystalline rocks of thenorthIndian
Plate have been presented elsewhere (Coward
et al.1988;
Greco et al. 1989; Treloar et al. 19896, c, d) and only a brief
summary is given here.Porphyroblast-fabricrelationships
showthatpeakmetamorphism,
at temperatures of up to
650 "C, was synchronous with early phases of ductile simple
shearing associated with thrusting
of Kohistan over India.
During subsequent deformation the metamorphic
pile was
imbricatedwithinanout-of-sequencesouth-vergingcrustal
scale thruststackformed
of a number of lithologically
distinct thrust nappes eachof 5-10 km thickness. At least six
thrust nappes can be recognized south
of the Main Mantle
thrust in the region between the Swat and Kaghan valleys
(Fig. 1). Each nappe is internally imbricated by thrusts with
higher grade rocks in hanging walls rather than in footwalls,
a geometry that results in the development of an inverted
metamorphic sequence. Muscovite and biotite were stable
within these thrust zones, the shearing having taken place at
temperatures no lower than mid-greenschist facies. A series
of brittlenorthvergingextensionalfaultspost-datethe
development of thethruststack,
which wassubsequently
735
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blende Ar-Arspectrafrom
this regionwereincluded
in
Treloar et al. (1989~). Sample
BG35
from
sillimanite
rocks of the Hazara nappe has a minimum at
35 Ma, and
sample MG 14 from the kyanite zone of the Swat nappe a
minimum at 33 Ma. Lawrence et al. (1989) cited two hornblende Ar-Ar ages of 38 and 39 Ma from the Swat nappe.
Here we include two more hornblende ages. Sample DR2
is from an amphibolite pod in sillimanite-bearing metasediments oftheHazaranappe.Althoughthere
is evidence
of some excess argon in the low temperature steps, a plateau defined by 97% of the gas yields an age of 39 f 1Ma
(Fig. 2a). Sample K38 is from an amphibolite body within
kyanite schists in theUpper Kaghannappe.Thissample
has a flat spectrum with a plateau age of39 f 2 Ma (Fig.
2b).Theseagesindicatecoolingthroughthehornblende
blocking temperature at between 40 and 35 Ma.

Muscovite. Table 1 summarizes muscovite K-Ar ages from
thenorthernIndianPlate
in NW Pakistan. Thetable
includessome data listed in Treloar et al. (1989~). Other
data include muscoviteAr-Ar ages of 29 Ma from the Upper
Kaghan (Zeitler 1985) and Swat nappes (Maluski & Matte
1984). The muscoviteagesclusterbetween23and
30Ma
and we interpret the data as implying that the rocks cooled
through the muscovite blocking temperature at between 30
and 24 Ma.
Biotite. BiotiteK-Aragesspanarangefrom
23 Ma to
>500 Ma. Much of this scatter is undoubtedly due to excess
argon.
Ages
which fall within the
time
span
of the
'Himalayan' event are listed in Table 1 and cluster at around
23 Ma.

Thermal and tectonic evolution of the internal zones. The
data described above allow us to construct a temperaturetime plot for the post-metamorphic thermal history
of the
internalzones of the PakistanHimalaya
(Fig. 3). Peak
metamorphismoccurredprior
to 35-40Ma,theage
of
cooling
through
the
hornblende
blocking
temperature.
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Fi.1. Geological map of the northern part of the Indian Plate, southof the Main Mantle Thrust, between theSwat and Kaghan valleys. The
inset shows how the regionis divided into a seriesof large scale thrust nappes. Place names: B, Batagram;J , Jabori. Thrusts and shear zones:
MT, Mansehra thrust;
AT, Alpurai thrust; BT, Batal thrust;KF, Khannian fault; MBT, Main Boundary thrust; MMT, Main Mantle thrust;
OS, Oghi shear; PT, Panjal thrust; BSZ and TSZ, Balakot and Thakot shear zones.
We believe that thrust stacking followed cooling through
the hornblende blocking temperature, and continued as the
rocks cooled towards the muscovite blocking temperature.
As muscovite ages from shear zones within the thrust stack
are similar to those from unsheared rocks, it appears that
stacking occurred no
later
than
cooling through the
muscovite blocking point; had it post-dated that cooling,
isotope systems within the shearzones would have been
reset. Hence we conclude that post-metamorphicthrust
stacking probably predated 30 Ma ago.

Subsequent cooling throughthe mica blocking temperatures was achieved by about 23 Ma, although there
of cooling
appearstobe
little difference betweenages
through the muscovite and biotite blocking temperatures.
Zircon and apatite fission track ages of 19-26Ma and 1623 Ma respectively are from Zeitler (1985). We have used
only those of Zeitler's data from what we now define as
the Swat and Hazara nappes. Eastwardthe lower ternperature cooling ages are increasingly affected by recent
Nanga Parbat uplift.
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Fig. 2. Ar-Ar spectra of Himalayan
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hornblendes with cooling ageswhich
post-date the main phase Himalayan
metamorphic peak.

P .J .T R ERLEOXA R

& D. C.

mid-points of the muscovite and apatite data (120 f 10 "C at
19.5 f 2 Ma) has a higher time-averaged rate of >30 "C/Ma.
Subsequent to passing through the
apatite
blocking
temperature average cooling over the last 20 Ma has been at
a rate of <6"C/Ma. Although these time-averaged cooling
rates are approximations, the steepening of the
temperature-time curve (Fig. 3) between c. 30 and c. 18Ma
is significant.
Once thrust stacking was completed it was followed by a
period of rapid cooling of between 250 "C and 300°C in
about10 Ma. As the enhanced cooling rate must equate
with enhanced
exhumation
rates this converts, foran
evolved geothermal gradient of 25 to 35 " km-', to 10 f 2 km
of unroofing. At the endof this unroofing the rocks exposed
todaycannot have beenmore than 3 or 4 km below the
erosion surface. This cooling was the result of two distinct
processes of exhumation,erosionandextension,
both of
which can be viewed as the direct result of the development
of the crustal scale thrust stack.
Erosion of the topographic high generated by the thrust
stacking is recorded in the deposition of thick sequences of
Miocene Siwalik molasse sediments in the foreland basins.
Although some Eocene molasse is exposed in the core of the
Hazara syntaxis (Bossart & Ottiger 1989), the main period
of molasse deposition in north Pakistan began in the early
Miocene at about 22.5 Ma (Johnson et al. 1979), i.e. within
the period of more rapid cooling.
At this time the Main Mantle thrust ceased to behave as
a south-verging thrust but, instead, began to act as part of a
zone of extensional faulting, with an overall north-side down
sense of displacement that was developed in the upper levels
of the Indian Plate and in the suture zone itself (Treloar et
al. 1989~).A large number of brittle extensional structures
document this extension.Amongthese
are many smallscale, extensional shear bands within both the upper partsof
the Indian
Plate
and
the
Main Mantle
thrust
zone;
large-scale, moderate angled north-verging extensional
faults within the Indian Plate, such as theBanna Thrust
(Treloar et al. 1989c), which has sillimanite-bearing rocks in
its footwall and greenschist-facies rocks in its hanging wall;
similar large-scale north-side down structures within the
thrustzone itself, where atone point blueschist-bearing
melange lithologies ( T < 400 "C) are juxtaposed against

Table 1. K-Ar data and derived ages for muscouitesandbiotites
from the Indian Plate crystalline thrust stack of North Pakktan

v01
Location
(Thrust
Sample
nappe)

%K

@Ar Rad
ccSTP/g % @Ar K-Ar Age
X lO-'
Rad
(Ma)

Muscovites
PJT 774
MPW 422
PJT 665c
PJT 666
PJT 682
PJT 684
PJT 694
PJT 703
PJT 776
S 499
N 32*
K 39

Swat
Besham
Hazara
Hazara
Hazara
Hazara
Hazara
Hazara
Hazara
Hazara
Hazara
U. Kaghan

8.11
8.07
7.61
8.83
9.19
10.15
6.58
8.62

0.7660
1.2183
0.7580
1.ooo4
0.7304
0.7870
0.7597
0.8033
0.8597
1.2778
0.7792
0.7888

Swat
Swat
Besham
Besham
Hazara
Hazara
U. Kaghan
U. Kaghan
U. Kaghan
L. Kaghan
L. Kaghan

6.71
7.83
7.08
6.57
7.19
6.37
7.89
7.35
7.20
6.14
5.89

0.6368
1.0106
0.6643
0.6067
0.7471
0.8274
0.8767
0.6817
0.8638
0.5524
0.5989

6.95
7.98
7.93

8.09

74.2
78.8
61.1
75.2
68.3
67.4
71.1
57.4
76.5
87.7
47.8
55.7

28 f 2
24 f 1
245 1
32f 1
23 f 1
25 f 1
26 f 1
23 f 1
24 f 1
325 1
30f 1
23 f 1

Biotites

N 756*
N 722*
MPW 422
MPW 442
PJT 714
N 30*
PJT 547
PJT 548
K 40
PJT 584
PJT 599

28.5
71.2

60.1
76.6
83.8
42.5
89.0
84.1

80.5
64.9
76.7

737

24f 1
33f 1
24f 1
24f 1
27 f 1
33f 1
28 f 1
24 f 1
31 f 1
23f 1
26f 1

Sample collection: PJT, P. J. Treloar; MPW and S, M. P. Williams;
K, M. N . Chaudhry; N, B. F. Windley.
* Data from Treloar et al. 1989a, table 5.

It is evident that cooling rates since 40 Ma have varied
(Fig. 3). Asan
approximation, the mid-points of the
hornblende and muscovite cooling data (525 f 25 "C at
37.5 f 2 . 5 Ma, and 375 f 2 5 "C at 27.0 f 3.0Ma respectively) constrainatime-averaged
cooling rate of about
15"CMa-'. A cooling rate calculated
between
the
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Fig. 3. Temperature-time
plot
showing
the cooling historyof the crystalline
internal zones of the Indian Plate. As
the steepness of the slope of the cooling
curvereflectstherate
of cooling, it is
clear
that
the
greatest
cooling rate is
between the muscovite and apatite
blocking temperatures.
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kyanite schists metamorphosedattemperatures
of 625 f
50°C (Treloar et al. 1989d);andnormalfaults
within
Kohistan which accommodated thinning in the hanging wall
of the main mantle thrust. Temperature differentials across
the largerextensional structuresare consistent with their
having accommodated tectonic denudation of some 8 km.
Thiscombination of post-metamorphicshortening and
thrusting, followed by crustal scale extension, foreland basin
development and molasse sedimentation is tectonic
a
scenario recognized along the length of the Himalayan
chain.

Further implications. Threefurther
points emergefrom
the cooling history data. As peak metamorphismmust
predate cooling through the hornblende blocking temperature at 35-40 Ma, metamorphism must have followed very
shortly after Himalayan collision. The actual timing of the
Kohistan-India collision is uncertain but is assumed to
have been atabout
50-55 Ma (Coward et al.
1986),
although
preceded
by ophiolite obduction. If collision
in North Pakistan was at 50-55 Ma, this leaves only
10-15 Ma for post-collision heating, deformation and metamorphism, and
subsequent
initiation of cooling. The
metamorphic time-scale in this part of the collision zone is
thus short, and long time-scale conductivemodels for the
metamorphic thermal evolution may be inappropriate.
Basement rocks within the Besham nappe were
imbricated with Phanerozoiccoversedimentsduring
the
thrust
stacking
event.These
sediments were metamorphosed early during Himalayan tectonism and their isotope
systems record the cooling history outlined
above.
By
contrast,
the
basement gneisses record
Proterozoic
a
thermal history (Treloar et al. 1989a) with no evidence of a
Himalayan thermal overprint. That substantial parts of the
Indian
Plate
basement
were
thermally
unaffected by
Himalayan metamorphism implies that basement and cover
sequences must have followed different P-T-t paths during
Himalayan deformation. Early deformation probably
involved the decoupling of cover and basement sequences
(Coward & Butler1985),
the two being deformed and
metamorphosed separately, prior to re-imbrication later in
the Himalayan event.
Finally, there is no evidence in north Pakistan of the c.
20 Ma agesrecorded further east in the Himalayanchain
(Deniel et al. 1987; Hubbard & Harrison 1989). There
leucograniteemplacement at c. 20 Ma is relatedto high
grade metamorphism and movement along the Main Central
Thrust.
TheisotopelaboratoriesatLeedsaresupported
by UK Natural
P. G . Guise
Environment
Research
Council
grant
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