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Abstract—New fission track (FT) thermochronologic data from plutonic rocks at the Gangdese magmatic
arc support the view that there was a pulse of rapid cooling (>80°C/m.y.) and unroofing (>2 mm/m.y.)
around 20-15 Ma in the Quxu area, southern Lhasa terrane. The average cooling rate prior to 20 Ma and
post to 15 Ma was only about 5—6°C/m.y. in this area. A fast cooling and unroofing event was not detected
in other studied areas in the Lhasa terrane. Average cooling rates of 4—10°C/m.y. since the India—Asia
continental collision (45-0 Ma) and unroofing rates of 0.1-0.3 mm/y can be deduced for these areas from
the fission track data and previously reported “Ar/®Ar data. These relatively slow unroofing rates can
be viewed as a regional “background” in this mountain-building area, and the rapid unroofing recorded
in the Quxu area as a “pulse” superimposed on it. Apatites from the granitic gneisses of the
Nyainqgentanglha range, west of the Yangbajain graben, yield exceptionally young FT ages of 3.3-5.1 Ma.
These ages together with “Ar/*Ar data, allow cooling rates of 20 to ~200°C/m.y. (9—0 Ma) to be deduced
at several locations. These young ages and fast cooling rates are interpreted to be the result of recent rapid
uplift and exhumation of the foot-wall of a major normal-faulting detachment zone accompanying the

Yangbajain graben.

1. INTRODUCTION

IT HAS been widely accepted that the Cenozoic
continental collision between India and Asia was
responsible for the crustal thickening and surface
uplift of the Tibetan Plateau and the Himalayan
Mountains (e.g. Dewey and Burke, 1973; Molnar and
Tapponnier, 1975; Allégre et al., 1984). However, the
exact mechanism of crustal thickening and plateau
building is still unknown. Several hypotheses have
been proposed and they can be divided into two
classes.

The first class of hypotheses assumes that the
Indian plate has acted as a passive indenter. Tibetan
crust has been shortened across its whole area by
northward pushing of this indenter since the Indian
continent started to collide with the Asian continent.
Shortening occurred in the upper crustal levels by
folding and thrusting as well as bulk straining, and
at the lower crustal levels by ductile flow (Dewey
and Burke, 1973; Dewey et al., 1988). The crustal
thickness of Tibet increased as the north-south length
of Tibet decreased. This thickening process may or
may not be accompanied by the lateral continental
extrusion, which was proposed by Tapponnier and
his co-workers (e.g. Tapponnier et al., 1986). A
further suggestion (England and Houseman, 1988)
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invokes an additional mechanism in order to explain
the high altitude of Tibet. As a result of the thermal
instability of the thickened lithosphere, a portion of
the thickened lower Tibetan lithosphere catastro-
phically delaminated from its upper part, and hotter
asthenosphere was then driven in between the two
parts, causing rapid uplift because of isostatic
compensation.

The second class of ﬁypotheses includes the so-
called continental subduction or underplating, and
hydraulic injection models. In these models Indian
continental material is thrust underneath Tibet, either
by continental underthrusting, underplating (e.g.
Powell and Conaghan, 1975; Powell, 1986), or by
hydraulic injection (Zhao and Morgan, 1987). This
class of hypotheses differs from the first one in that
the Indian continental crust plays a role in the present
Tibetan plateau: a large portion (~1000km) of
Indian continental crust was subducted or under-
plated beneath, or injected into the lower Tibetan
crust.

Contrasting patterns of uplift as well as crustal
thickening are predictable for the areas immediately
north of the suture zone by the different tectonic
hypotheses. Uplift and thickening of such areas
would have been continuous and steady in the under-
plating, or fluid injection hypothesis, and may have
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been steady in the distributed shortening hypothesis
if lateral extrusion was negligible. Alternatively,
in the case of simple underthrusting, uplift and
crustal thickening would have been extremely rapid
and would have occurred right after the initial
collision. In the case of catastrophic delamination,
uplift and thickening would have been initially
slow followed by a dramatic increase at the time
of delamination. Uplift and crustal thickening
would have been episodic if thickening and lateral
extrusion alternatively took place and if the latter
absorbed sufficient collisional convergence. Thus,
understanding the uplift and crustal thickening
history is important in order to evaluate these
hypotheses.

Under proper assumptions, thermochronological
data may provide useful insights into this problem by
revealing the thermal and unroofing history of
rocks. Using “Ar/®Ar data, Copeland et al.
(1987) documented a pulse of exhumation between
20-17 Ma within the Quxu-Lhasa region of the
Gangdese batholith. In this paper we present results
of apatite FT analysis from the Lhasa area, including
the Quxu-Lhasa region of Copeland et al. (1987).
A generalized cooling and unroofing history is
constructed, and the conclusion reached by
Copeland et al. (1987) is supported by these new
thermochronologic data. The implication of the un-
roofing history to the above tectonic problem is
discussed.
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2. GENERAL SETTING

A simplified geologic map of the Lhasa area is
shown in Fig. 1. There is a continuous sedimentary
sequence from Carboniferous to Cretaceous. The
Upper Cretaceous clastic rocks (Takena Formation)
are unconformably overlain by the widespread early
Cenozoic volcanics with interbedded red beds
(Linzizong Formation). Quaternary deposits are
found mostly within the fault-bounded Yangbajain
graben.

The Indus—Zangbo Suture (IZS) is the tectonically
southern limit of the Lhasa Terrane and the Tibetan
Plateau. In the area south of Lhasa the suture is
marked by a belt of ophiolite outcrops along the
Zangbo river. There are several lines of evidence
indicating that the initial collision between Indian
and Asian continents or the final closure of Neo-
Tethyan was around 40—45 Ma along this suture (see
Dewey et al., 1988 for a discussion).

The Gangdese magmatic belt consists of the
Gangdese batholith (sometimes referred to as the
Trans-Himalaya batholith) and associated Genozoic
volcanics. In southern Tibet, this belt is 2500 km long
and 80-90km wide forming the east trending
Gangdese Shan mountain range, and it lies immedi-
ately north of the Indus—Zangbo Suture. The
Gangdese batholith is composed predominantly of
calc-alkaline rocks, with the common rock types
being granite, granodiorite, diorite, tonalite, and
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FiG. 1. Simplified geologic map of the Lhasa area, southern Tibet (after Kidd er al., 1988), showing major

structures, rock distributions, and sampling locations for this study. The dashed pattern at the

southeastern margin of the Nyainqentanglha Range represents a major low-angle ductile detachment,

dipping southeast toward the Yangbajain (YBJ) graben. The locations of the Quxu pluton and the
Gu-Rong pluton are indicated on the map. IZS = Indus-Zangbo Suture.
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some gabbro. The associated volcanics of the
Linzizong Formation have similar composition and
consist of rhyolitic to andesitic lava and tuff, as well
as some basalt. It is believed that this belt was an
Andean-type magmatic arc produced by the sub-
duction of the Tethyan ocean floor of the Indian
plate along the Zangbo suture zone (e.g. Gansser,
1981; Allégre et al., 1984). Crystallization ages of
between 110 and 40 Ma are reported for plutons of
the Gangdese batholith in the Lhasa area, and
the main episode of intrusion occurred around
60—40 Ma (Schirer et al, 1984; Xu R.-H. er al.,
1985; Debon et al., 1986). The volcanics exposed
along the northern part of the Gangdese
mountain range have eruption ages of 50—60 Ma, but
there are also minor amounts of Miocene volcanics to
the west of Yangbajain (Coulon er al., 1986; Pan,
1993).

In the Nyaingentanglha area granitic orthogneisses
of upper amphibolite facies crop out along the
southwest and central part of the range. The peak
metamorphic conditions were reported to be 700°C
and Skb (Harris e al., 1988), and these rocks are
thought to have been brought to the surface from
depths greater than 10km. Xu et al. (1985) have
reported zircon U-Pb ages of around 50 Ma from the
granitic gneisses. A major shear zone in the Nyain-
gentanglha orthogneisses along the southeast margin
of the range bounds the NE trending Yangbajain
graben to the SE (see Fig. 1), and it has been
interpreted as a major low-angle extensional detach-
ment representing early extension in this area (Pan
and Kidd, 1992).

3. FISSION TRACK RESULTS AND
INTERPRETATION

Twenty-cight apatites from 18 locations (Fig. 1) in
the Lhasa area of the Gangdese belt, most of them
from granitic rocks and some from orthogneisses and
volcanics, were analyzed in this study. Sample prep-
aration procedures for age measurements using the
external detector method (EDM) paralleled those of
Green (1986). Irradiation with thermal-neutrons was
done at the Oregon State University TRIGA reactor.
Ages were calculated using a weighted mean zeta
calibration factor (Hurford and Green, 1983) for
CN glass dosimeter, determined by measuring spon-
taneous track densities in the Fish Canyon Tuff,
Mount Dromedary and Durango standard apatites.
Errors of FT ages were calculated according to Green
(1981). The age measurements were done at the
fission track lab at the Rensselaer Polytechnic
Institute, using a Leitz Ortholux microscope with
a 1600 x magnification (160 x dry objective, 10 x
oculars). Confined track length measurements were
done at 1563 x (100 x dry objective, 1.25 x tube,
12.5 x oculars) using a drawing tube and a Houston
Instruments 1011 digitizing pad interfaced with an
IBM PC XT computer. Most of the track length

measurements were made in the conventional
method, in which the confined tracks were revealed
by the 5 M HNO,; etchant that passed through cracks,
cleavages, or surface-intersecting tracks. Confined
track length measurements in samples K66 and K72
were made by M. K. Roden by using the **Cf
technique. These two samples were placed in an
evacuated chamber at ~8.9 cm from a 2Cf source
and irradiated for 18 h prior to etching and track
length measurement. This technique allowed bom-
bardment of the grain surfaces with 2*Cf fission
fragments, thus producing pathways for the etchant
to reach confined tracks within the grains. Without
this irradiation, measurement of confined track
lengths in these samples would have been impossible.
Calibrations using standards of published mean track
length were carried out between different workers
within the lab.

An apatite FT age with a simple cooling history has
been generally interpreted as the time the rock cooled
through ~ 100°C (Wagner, 1968; Naeser and Faul,
1969; Naeser, 1981; Gleadow and Duddy, 1981;
Harrison, 1985; Green et al., 1985), although this
value varies with cooling rate and fluorine/chlorine
composition. All of our samples are from igneous
rocks that have compositions similar to, or more F
rich than Durango apatite, hence the closure tem-
perature for apatites cooling at rates of 1-100°C/m.y.
over geological time is taken to be 100 + 20°C. In a
very slow annealing condition (i.e. at temperatures
between 120°C and 60 ~ 70°C for a long time), the
FT age represents a mixture of tracks through a long
time and thus may have no geological meaning (e.g.
Green, 1988). Thus an apatite fission track age must
therefore be taken as a reflection of both the time
over which tracks have been retained and the amount
of shortening (annealing) that has taken place, and it
represents an integrated measure of that thermal
history for an annealed apatite sample. Only when
the mean lengths are long (in the range of 14-15 yum),
and the cooling history is relatively simple, will the
apatite fission track age be interpreted as the time
when the sample passed through ~100°C (Green,
1988).

A paleogeothermal gradient of ~30°C/km is as-
sumed in converting cooling histories into unroofing
rates. We think ~30°C/km is a reasonable estimate
for a geothermal gradient in an orogenic terrane like
Tibet (e.g. Blackwell, 1971), though the exact value is
impossible to know at present. Such an assumption
of paleogeothermal gradient is not required where a
correlation between cooling age and elevation exists.

The FT analysis results are summarized in Table 1.
Figure 2 is an elevation—age plot of all data, and a
general correlation is not found. There is a clustering
of ages around 20 Ma. Seven confined track length
measurements are shown in Fig. 3. These data are
geographically divided into five groups, and are
discussed in the following sections in conjunction
with previously reported “Ar/*’Ar data.
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Table 1. Apatite fission track ages
Density of tracks (10%/cm?)

Sample Location and  Number of Py P o; P(x?) Elevation

number lithology grains (Ny) (Ny) (N) (%) Agetlo (m)

Nyainquentangtha—Yangbajain area

P28-1 NQTL 40 3.842 0.0337 1.64 90 3.6+05 4400
Orthogneiss (2373) (66) (3206)

P72-1 NQTL 27 3.803 0.0212 1.11 99 33406 5100
Orthogneiss (2373) (28) (1475)

K56 NQTL 31 4.036 0.0759 2.62 99 53106 5600
Granite (2373) (76) (2622)

PCs6 NQTL 20 4.307 0.0809 3.13 90 5.1+06 5020
Granite (2373) (69) (2665)

PC29 YBJ 20 4.341 0.739 15.3 90 9.5+ 09 4300
Granite (3231) (126) (2604)

W. Majiang area and Maqu area

K3 MAJANG 20 4.459 0.0854 1.13 30 152125 4400
Dacite (27270 41) (544)

K53 MAQU 20 3.977 0.179 0.842 95 39.3+6.2 >4150
Ignimbrite (2373) (52) (239)

K33(A) MAQU 14 3.881 0.161 0.626 98 452459 3870
Diorite (2373) (81) (3149)

K33(B) 12 3.919 0.207 0.781 70 470455

(2373) (101) (381)

Nyemo area

PCl11 PARGUCHU 22 4.365 0.214 2.78 80 15.1+2.1 4600
Granodiorite (2716) (60) (779)

PCi2 PARGUCHU 15 4.301 0.186 2.12 99 17.1+£2.2 4200
Granodiorite (3231 70 (776)

PC59 W. QUXU 30 4.230 0.208 5.76 50 69106 3700
Granite (2373) (158) (4368)

Quxu-Lhasa area

M369 QUXU 17 4.261 0.377 4.72 20 154+1.1 4600
Granodiorite (3231) (249) (3119)

M370 QUXU 20 4.221 0.432 4.88 80 16.241.2 4350
Granodiorite (3231) (269) (3179)

M371 QUXU 10 4.181 0.627 7.46 95 159113 4100
Granodiorite (3231) (198) (2355)

M372 QUXU 10 4.141 0.368 451 90 153+ 14 3850
Granodiorite (3231) (160) (1964)

M373 QUXU 25 4.191 0.929 11.8 80 15.0+0.9 3600
Granodiorite (2373) (388) (4923)

PC30 QUXU 20 4253 0.544 5.41 70 194+1.5 3760
Granite (2727) (184) (1661)

PC32 QUXU 20 4.211 0.165 1.74 98 18.1 + 1.7 4560
Granite (2727) (137) (1450)

H1 QUXU 16 4.021 0.456 4.47 10 186+ 1.5 3800
Granodiorite (3231) (201) (1973)

H2 QUXU 10 4.583 0.564 5.48 1 214 +29* 3600
Granodiorite (2727) (208) (2021)

K73 QUXU 12 4.152 0.494 4.59 70 202+ 1.6 3440
Granodiorite (2373) 217) (2016)

PC36 GU-RONG 20 4.061 0.581 5.12 50 208+ 1.7 4500
Granite (3231) (206) (1818)

PC39(A) GU-RONG 21 3.941 0.394 3.54 30 199+1.38 3750
Granite (3231) (160) (1438)

PC39(B) 12 4.005 0.690 6.23 70 20.1 £ 1.7

(2727) (184) (1661)

K45 LHASA 8 3.764 0.255 1.72 30 252443 3720
Granite (2373) 41) 277)

Dagze area and Samye area

K66 DAGZE 10 4113 0.250 1.40 50 333+52 5050
Granite (2373) 57 71

K72 DAGZE 20 3.981 0.347 3.27 80 19.1 £2.1 3975
Granite (3231) 98) (924)

PC62 SAMYE 22 4.280 0.301 2.09 50 27.5+33 4440
Tonalite (2716) (89) 619)

PC65 SAMYE 20 4.348 0.331 0.61 80 249423 3750
Tonalite (2531) (146) (1153)

An EDM method was used for these analyses. (A), (B) after a sample number indicates two independent analyses of
the same sample. An asterisk (*) indicates that the mean (p,/p;) was used to calculate age as the sample failed the (x2)
test at the 5% level. NQTL = Nyaingentanglha Range. YBJ = Yangbajain.
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FiG. 2. An FT age-elevation plot of all the apatite samples
analyzed. No general correlation exists between age and
elevation. Notice there is a clustering of ages around 20 Ma.

3.1. Yangbajain area

3.1.1. Nyaingentanglha Range. Apatites (P28-1,
P72-1, K56, PC56) from the granite rocks and or-
thogneisses of the Nyaingentanglha range, west of the

Yangbajain graben (Pan and Kidd, 1992).

3.1.2. Yangbajain pluton. Previously, a U-Pb zir-
con age of 50 Ma, and two Rb-Sr isochron ages of
49.0 and 49.2 Ma have been reported (Xu et al., 1985;
Debon et al., 1986) for this pluton. A granodiorite
intrusion (PC29) yields an apatite age of 9.5 + 0.9 Ma.
The same sample gives a K-feldspar “Ar/®Ar age
spectrum reflecting cooling through ~270°C at
around 39 Ma, and a biotite granite from a nearby
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F1G. 3. Confined fission track length distributions from selected samples, including three from the northern
Quxu area, one from the southern Quxu area, one from the Samye area, and two from the Dagze area.
Listed in each distribution diagram are also the FT age, number of tracks measured (N'), mean track length
(in microns), standard deviation (STD), and skewness (SKEW).
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Table 2. Thermochronology of the Nyaingentanglha Range

Closure
Sample Mineral/ Cooling age temperature  Cooling rate
location method (Ma) °C) (°C/m.y.)
North (P72-1) ksp/Ar-Ar 8.1+0.1 360 + 15
bio/Ar-Ar 6.2+0.1 320+ 25 21 £ 15
ksp/Ar-Ar 3.7+0.1 250 + 15 28 +12
ap/FT 33406 100 + 20 300 £ 300
Central (P28-1) hbl/Ar-Ar 6.5+0.9 550(7)
ksp/Ar-Ar 56102 335+ 15 ~239
ksp/Ar-Ar 4310.2 235+ 15 774124
ap/FT 36105 100 £+ 20 193 + 142
South (K56) mus/Ar-Ar 146+ 0.1 350 £ 25
bio/Ar-Ar 13.0 +0.1 320+ 25 19+22
ksp/Ar—Ar 9.5+40.2 230+ 15 54+8
ap/FT 53406 100 4 20 3147

WA/ Ar data of biotite (bio), K-feldspar (ksp) are from Copeland (1990).
Apatite (ap) FT data are from this study. All the estimated errors are at the 1 o

level.

location has yielded K-feldspar data that indicate this
granite has cooled from 250 to 200°C during
29-20 Ma (Copeland, 1990; Copeland et al., 1993).
These data suggest an average cooling rate of
~6°C/m.y. between 39 and 10 Ma and an unroofing
rate of 0.2 mm/y. If these data are representative of
the whole pluton, then the cooling history from 20 to
10 Ma and 10 Ma to the present can be refined as
~10°C/m.y. and an unroofing rate of 0.3 mm/y can
be deduced. Therefore, the average cooling rate of the
Yangbajain pluton has increased from ~4°C/m.y. to
~10°C/m.y. since 20 Ma (Fig. 4). This corresponds
to an increase in unroofing rate from ~0.1 to
~0.3 mm/y.

3.2. Western Majiang area and Maqu area

Both areas are covered by the Cenozoic Linzizong
volcanics. The eruption ages of the volcanic rocks in
these areas were reported to be 50—60 Ma (Coulon
et al., 1986; Pan, 1993). An ignimbrite sample from
Maqu (K33) yields an apatite FT age of
39.3 + 6.2 Ma. A dioritic stock (K33) in the Maqu
area coexists with the Linzizong volcanics and it
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F1G. 4. A closure temperature vs cooling age plot for the

Yangbajain pluton (sample PC29). The K-feldspar “Ar/*Ar

data are from Copeland et al. (1993). These data suggest

that the average cooling rates were ~4°C/Ma between 40
and 20 Ma, and ~ 10°C/Ma since 20 Ma.

yields a biotite “Ar/*Ar plateau age of 65.0 + 2.8 Ma
(Pan, 1993). Two independent analyses of the apatite
from K33 suggest an FT age of ~45Ma. Pan et al.
(1991) argued that these volcanic rocks in the Maqu
area were deeply buried up to 7km (at temperature
> ~ 180°C) and experienced slow cooling at a rate of
10°C/m.y. between 54 and 44 Ma. The FT age seems
to agree with this interpretation but clearly more ages
and length distributions are required to draw reliable
conclusions.

To the west of Majiang, a dacitic tuff (K3) has
yielded an “Ar/*Ar biotite isochron age of 14.9 +
0.2 Ma (see Pan, 1993 for details). The same sample
yields an apatite FT age of 15.1 + 2.1 Ma, in good
agreement with the ®Ar/*Ar. This result further
confirms the Miocene age of the volcanism in this
area.

3.3. Nyemo area

About 18 km northwest to Nyemo, two samples
(PC11, PCl12) were studied by FT dating, and
apatite ages of 15 and 17 Ma were obtained with large
errors, owing to the lack of suitable grains. These two
ages are negatively correlated with elevation, which
was not expected, and this perhaps is a reflection of
large errors. Nevertheless, these two ages are still
within agreement with “Ar/*Ar biotite and K-
feldspar ages of ~15Ma (Copeland et al., 1993).
It is possible that a very rapid cooling event has
occurred in this location at ~ 15 Ma but more ther-
mochronological data are required to confirm this
inference.

About 25km to the east of Nyemo, a weakly
foliated microgranite (PC59) yields a FT apatite age
of 6.9+ 0.6Ma. This age is much younger than
most other samples in Quxu area but closer to FT
ages in the Nyaingentanglha Range. It is possible
that this young age is also related to the east—
west extensional tectonics in this general region. No
other geochronology data are available from this
location.
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3.4. Quxu—~Lhasa area

3.4.1. Quxu pluton, north. Copeland et al. (1987)
have suggested a pulse of accelerated rapid cooling
around 19-17 Ma, mainly based on *Ar/*Ar data.
Five samples (M369, M370, M371, M372, and M373)
with 250 m vertical separation between each sample
yield biotite “°Ar/*Ar ages that are clearly correlated
with elevation, and the slope of the elevation-age
curve steepens with decreasing age from 26.8 to
17.8 Ma. Potassium feldspar age spectra of these
samples have yielded a common lower plateau of 17.0
at a closure temperature of 285°C (Copeland et al.,
1987).

The same set of samples (M369-M373) were used
in this study. They yield FT apatite pooled ages of
15-16 Ma, positively correlated with elevation (ex-
cept for the top one whose pooled age is younger than
the middle sample), but indistinguishable from each
other within 1 o error range. The apatite fission track
ages and their biotite “Ar/*Ar ages are plotted
against elevation in Fig. 5(a), and cooling ages vs
closure temperatures for M373 are plotted in
Fig. 5(b). These data suggest that cooling of these
samples at around 17-15 Ma was rapid, in excess of
80°C/m.y. (Fig. 5(b)).

The above data indicate that the unroofing rate at
this location has been less than 0.07 mm/y prior to
23 Ma, then increased to over 0.2 mm/y at around
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F1G. 5(a). Age—elevation plot of five samples from a granodi-
orite at north Quxu. Vertical separation between samples is
250 m (+15 m). Both apatite FT ages (with 1 ¢ error bars)
of this study and biotite “Ar/*Ar ages (1 ¢ range smaller
than the symbol) from Copeland et al. (1987) are plotted.
The correlation between biotite ages and elevations suggest
an increase in unroofing rate from 0.07 to 2.4 mm/y at
~19 Ma, and the five apatite FT ages also suggest rapid
unroofing at around 15-16 Ma. (b) Temperature-time path
for the lowermost sample (M373) based on mineral cooling
ages and closure temperatures. An average cooling rate of
92°C/m.y. is obtained, indicating an unroofing rate of over
3 mm/y between 15 and 17 Ma. See text for discussion.
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20 Ma, reached over ~3 mm/y at around 17-15 Ma,
and after ~15Ma the average unroofing rate has
been 0.2 mm/y. Therefore, a distinctive pulse of un-
roofing during 20-15 Ma is revealed.

Three FT length distributions from top, middle,
and bottom of this traverse were obtained (M369,
M371, M373, see Fig. 3). The mean lengths range
from 13.8 + 1.9 to 14.3 + 1.3 um. These track length
distributions are consistent with a cooling history of
initial fast cooling followed by a longer period of
slower cooling, probably at the upper part of a partial
annealing zone, at temperatures of 60—70°C. There-
fore, the track length data from this location are
suggestive of slow cooling and unroofing (ca. less
than 6°C/m.y. and 0.2 mm/y) after ~ 15 Ma. Because
the average unroofing rate was ~0.2mm/y since
15 Ma, there was probably another pulse of cooling
and unroofing at a more recent time.

3.4.2. Quxu pluton, central and south. Two apatite
samples with 800 m vertical separation (PC30, PC32)
from the central part of the Quxu pluton yield similar
ages of 19.4 4+ 1.5 and 18.1 + 1.7 Ma, which can be
interpreted to have resulted from rapid cooling at
that time. Although there are only two ages, this
interpretation is in good agreement with the results of
Richter et al. (1991), in which accelerated cooling at
20-15Ma was found to have been experienced by
sample PC32.

Apatites from the southern Quxu area (H1 and H2,
near the Quxu village, and K73 just south of the
Zangbo river) yield FT ages of 19-21 Ma. Sample H1
has yielded “Ar/*Ar biotite and K-feldspar ages
indicating cooling between 42 and 30 Ma from 250 to
210°C (Copeland et al., 1993). These data reveal a
period of relatively slow cooling from 42 to 19 Ma at
a rate of ~10°C/m.y., which corresponds to an
unroofing rate of 0.3 mm/y, assuming a geothermal
gradient of 30°C/km. An acceleration in the rate of
cooling after 19Ma is not detectable at this
location, but sample H1 shows an FT length distri-
bution (Fig. 3) in agreement with a history of rapid
cooling at 19-20 Ma to ~60°C, followed by a period
of prolonged slow cooling.

3.4.3. Gu-Rong pluton. Two apatite samples
(PC36, PC39) with 750 m vertical separation from
Gu-Rong granite yield FT ages of 20.8 + 1.7 and
20.0 + 1.7 Ma (Fig. 6(a)), respectively. The second
age is the average of two independent measurements
(different irradiations). Hornblende, K-feldspar, and
biotite “Ar/**Ar ages have been obtained from the
lower sample (Copeland er al., 1993) and they are
plotted together with FT ages against their respective
closure temperatures (Fig. 6(b)). The average cooling
rate between 44 and 20 Ma is ~6°C/m.y., which
corresponds to an unroofing rate of 0.2 mm/y. We
interpret the essentially identical apatite FT ages with
750 m vertical separation as a consequence of rapid
cooling at around 20 Ma.

3.4.4. Lhasa pluton. An apatite sample (K45) from
the Lhasa granite yields an apatite FT age of
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F1G. 6(a). FT age-elevation plot of the two apatites from the
Gu-Rong pluton. Vertical separation between the two
samples is 750 m. Error bars are at the 1o level. The
question mark indicates that the position of a “break in
slope”, if it exists, should be found above 4500 m in this
area. (b) Temperature-time path of the lower sample (PC39)
based on mineral cooling ages and their closure tempera-
tures. “Ar/®Ar data are from Copeland et al. (1993).

~25Ma. There is a large error associated with this
age owing to lack of suitable grains and relatively low
U content. This sample has yielded “Ar/*Ar K-
feldspar ages ranging from 40—48 Ma with closure
temperatures 220-290°C (Copeland er al., 1993).
These data suggest an average cooling rate of
~8°C/m.y. between 40 and 25 Ma and an average
cooling rate of ~4°C/m.y. since 25 Ma.

3.5. Dagze area and Samye area

3.5.1. Dagze pluton. Two samples (K72 at 3975 m
and K66 at 5050 m) yield FT ages of 19.1 + 2.1 and
33.3 + 5.2 Ma, respectively. These two samples yield
long mean track length of 14.9 and 15.3 um, respect-
ively (see Fig. 3). The standard deviation is only 1.1
for the lower sample, and is 0.8 for the upper sample.
These two track length distributions suggest that the
two samples cooled relatively fast at different time.
Therefore, the possibility that these samples came
from an uplifted partial annealing zone, such as the
one discussed by Fitzgerald and Gleadow (1990), can
be ruled out. An unroofing rate of 0.08-0.15 mm/y
for the period of 33-19 Ma can be assigned to this
pluton (Fig. 7(a)). Potassium feldspar from sample
K72 has given an “Ar/®Ar partial plateau age of
40 Ma with a closure temperature 230°C (Copeland
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et al, 1993). A cooling rate of 6°C/m.y. and an
unroofing rate of 0.2mm/y can be calculated for
sample K72 based on these data (Fig. 7(b)). All these
data suggest that the unroofing rate at this location
was 0.08-0.2 mm/y between 40 and 19 Ma.

3.5.2. Samye pluton. Apatite from a tonalite
(PC65) gives an FT age of 24.9 + 2.3 Ma. Another
sample from a higher elevation (PC62) yields an older
apatite FT age of 27.5 4+ 3.3 Ma (Fig. 8(a)). Thirty-
five confined track length measurements yield a mean
track length of 14 um (see Fig. 3), which we consider
to have resulted from relatively rapid cooling, though
the small number of tracks measured precludes defi-
nite conclusions. The lower sample has yielded an
“Ar/®Ar biotite plateau age of ~48 Ma (Copeland,
1990; Copeland er al., 1993). This suggests that the
sample has cooled from ~ 330 to ~ 100°C from 48 to
25Ma with a rate of ~10°C/m.y. (Fig. 8(b)). The
average cooling rate after 25Ma has been only
~4°C/m.y. These data suggest an average unroofing
rate of 0.3 mm/y for the period between 48 and 25 Ma
and an average unroofing rate of 0.1 mm/y since
25 Ma.

4. DISCUSSION

The FT data from two locations in the northern
and central Quxu area reveal that very rapid cooling
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FiG. 7. Age-¢levation plot (a) and cooling path (b) of the
Dagze granite. Vertical separation between K66 and K72 is
1075 m (425m). Both samples have long confined track
length (~15 um, see Fig. 3). Average unroofing rate of
0.08 ~ 0.15 mm/y is calculated by using the slope of the line
in (a), which is compatible with the cooling and unroofing
rate (6°C/m.y. and ~0.2 mm/y) obtained by using the
closure temperature/cooling age approach. “Ar/*Ar data
are from Copeland er al. (1993).
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FiG. 8. Age-elevation plot (a) and cooling path (b) of the
Samye Tonalite (sample PC62 and PC65). Vertical separ-
ation between these two samples is 690 m (+25 m). Average
unroofing rate of ~0.3 mm/y is indicated in (a). As the
difference in ages is small and only two ages are available,
the uncertainty may be large. However, this rate is the same
as that obtained in (b), by using the closure tempera-
ture/cooling age approach. “Ar/®Ar data are from
Copeland et al. (1993).

(over 80°C/m.y.) occurred between ~20 and
~15Ma. Data from the southern Quxu area (near
Quxu village) reveal a slow cooling period from 42 to
19 Ma at a rate of ~10°C/m.y. Accelerated cooling
after 19 Ma is not detectable here, but one of the
samples shows an FT length distribution consistent
with a history of rapid cooling at 19-20 Ma from
> ~ 110°C down to ~60°C, followed by a period of
prolonged slow cooling to the surface temperature.
Data from the Yangbajain granite also indicate that
the unroofing rate has increased since 20 Ma, from
about 0.1 to 0.3 mm/y. These data therefore support
the view that the cooling and unroofing in the Quxu
area were accelerated at around 20 Ma (Copeland et
al., 1987, Richter et al., 1991). This accelerated
cooling can be detected in the Quxu pluton complex
along the Quxu-Lhasa traverse, in the Gu-Rong
granite to the west of Lhasa, and possibly in the
Yangbajain granite. Average cooling rates of
4-9°C/m.y. (45-0Ma) are obtained for all these
locations, which can be translated to unroofing rates
of 0.1-0.3 mm/y. These relatively low rates can be
viewed as a regional “background” in this mountain-
building area, and the rapid cooling in the Quxu and
Gu-Rong areas as a “pulse” superimposed on it.
Apatite FT data and “Ar/®Ar data from Samye
area and Dagze area suggest slow cooling and un-
roofing rates (0.1-0.3 mm/y) in these places. Though

these data do not suggest a pulse of rapid cooling and
unroofing has occurred in these areas, they do not
automatically exclude it. For example, it is conceiv-
able that the present surface rocks from these areas
have been rapidly brought to the surface by the same
pulse of unroofing experienced in the rocks to the
west, and have been subsequently sitting there for a
long time because of the later low unroofing rate.

Rapid cooling and unroofing recorded in rocks
from the Quxu-Lhasa area at around 20—15 Ma may
not be restricted to this region and several lines of
evidence for a regional event have been summarized
by Harrison et al. (1992). These include the thick
Miocene molasse sediments south of Himalaya (e.g.
Johnson et al., 1985), the erosion record seen from
detrital minerals from the Siwalik sandstone, the
modern Zangbo River, and the Bengal fan (e.g.
Cerveny et al., 1988; Copeland and Harrison, 1990;
Corrigan and Crowley, 1990), and unroofing studies
in western Himalaya (Zeitler, 1985). In addition to
those lines of evidence discussed by Harrison et al.
(1992), Sorkhabi (1994) found that there is a
clustering of apatite ages of 20-25Ma from the
Trans-Himalaya batholith in Ladakh region of
northwestern India (about 1000 km west—northwest
extension of the Quxu-Lhasa area), and between
20-25 Ma (apatite FT ages) and 41-45 Ma (zircon
FT ages) the average cooling rate is only about
4.5°C/m.y. Lewis (1990) reported apatite FT ages of
19-20 Ma in the central-eastern Kunlun range of the
north margin of Tibet, south of Golmud City, which
may be interpreted as onset of uplift (to the surface)
at 20 Ma or later. There are thick Neogene molasse
deposits along the north, south, and east margins of
the Tibetan plateau (e.g. Fatmai, 1974; Hsii, 1988;
Chang et al., 1989), and there are also very thick
Miocene sediments in the Bengal fan in the Indian
Ocean (see Stowe et al., 1989), suggesting fast un-
roofing of Tibet and Himalaya since ~20 Ma. Thus,
our data together with all these data tend to indicate
that the unroofing was abruptly intensified around
20 Ma in southern Tibet. If this rapid unroofing event
in southern Tibet was a consequence of elevated
topography, then the uplift history of Tibet may have
been episodic and non-steady. It follows that
southern Tibet did not respond to the collision
immediately, therefore some of these proposed tec-
tonic hypotheses such as underplating, and hydraulic
injection are not favored. Following the thoughts of
Molnar and England (1990), one may interpret the
abrupt intensification of unroofing in southern Tibet
and dumping of sediments to its surroundings as a
consequence of a dramatic climatic change at that
time. While there is no evidence for such a scenario,
there are two clues, though themselves interpret-
ations, that support the uplift and erosion view: (1)
the gravitational collapse represented by the High
Himalaya detachment system (Burg et al., 1984;
Burchfiel and Roydon, 1985) was active just prior to
20Ma (Hodges et al., 1991), indicating that the
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elevation of this area was already significant; (2)
eastward continental escape of Tibetan plateau since
collision has taken place along large-scale strike-slip
faults such as the Red River Fault (Tapponnier et al.,
1986), during 35 to 19-20 Ma (Leloup and Harrison,
1992). After 20 Ma the collisional convergence may
have been taken by thickening in Tibet, as expressed
by the cooling and unroofing history of the
Quxu-Lhasa area. We favor the explanation of uplift
(thickening)-erosion, over that of climate change-ero-
sion, but definite evidence is not yet available. Future
geological and thermochronological studies them-
selves may provide the answer to this question,
because climate change does not require geological
processes right underneath the rapidly cooled sample
location but tectonic uplift via vertical straining does.
For example, if all spatially separated locations that
experienced the same rapid unroofing can be associ-
ated with crustal thickening processes such as faulting
and folding, then climate change scenarios would not
be valid.

The very young and rapid cooling and unroofing in
the Nyainqgentanglha range is clearly related to exten-
sion in this region (Pan and Kidd, 1992), and there-
fore we consider these cooling ages not to be related
to uplift relative to sea level. The ultimate result of
lateral extension would result in lowering, rather than
uplift, of the surface of Tibet. We want to emphasize
that both the geological and geomorphic setting
should be considered when interpreting ther-
mochronological data. The sample PC59 is an
example of this, the relatively young FT apatite age
(6.9 + 0.6 Ma) may be related to normal faulting
associated with the Yangbajain rift system, or alter-
natively related to the southward thrusting along the
suture line (see Allégre e al., 1984). The geology at
that location is not adequately known to confirm
these speculations.

5. SUMMARY

FT analysis support the previous view that the
north Quxu pluton has experienced a pulse of rapid
cooling (>80°C/m.y.) and unroofing (>2mm/y)
around 20-15 Ma, in contrast to the average back-
ground cooling rate of 4-10°C/m.y. and unroofing
rate of 0.1-0.3 mm/y. This rapid cooling event has
also been detected to have existed to north and
south of this location, in the Gu-Rong pluton and
central-south Quxu pluton.

Such a pulse of rapid unroofing event may have
been prevalent in Tibet, which may be interpreted as
a result of intensified crustal thickening and resulted
surface uplift at that time. If this is true, the crustal
thickening and uplift history of southern Tibet would
have been non-steady and a profound acceleration
would have occurred some 20 Ma after the initial
collision at ~45 Ma between India and Asia. Some
of the proposed uplift models that predict steady
processes and early response of southern Tibet to the

India—Asia collision, such as continental underthrust-
ing and continental injection, are not favored by these
data.

FT apatite ages of the Nyaingentanglha are as
young as 3.3 + 0.6 Ma and they are interpreted as a
result of tectonic unroofing via a low-angle extensional
detachment zone present at the southeast margin of
the range. Therefore they do not represent crustal
thickening and surface uplift of the Tibetan plateau.
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