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ABSTRACT

Recent fluid-inclusion and “°Ar/*°Ar cooling-age data show that currently exposed
basement rocks in the Raikhot glacier valley of the Nanga Parbat-Haramosh massif,
Pakistan Himalaya, were at temperatures of 350 = 50 °C at depths of 6 = 2 km (hydrostatic
pressure correction). These data imply the presence of a steep thermal gradient in the
upper crust at 1 Ma (29-100 °C/km) and denudation rates over the past 1.0 m.y. of 3-6
mm/yr, providing independent corroboration of previous estimates of rapid denudation at
Nanga Parbat (4.5 mm/yr over 3.3 m.y.). Our data provide direct documentation of near-
surface compaction of isotherms under conditions of rapid denudation, a result that has
long been supported by thermal modeling.

INTRODUCTION

Previous geologic studies (Hollister, 1979;
Hollister 1982; Selverstone, 1988; Craw,
1988), which have incorporated results from
fluid-inclusion studies, have shown that
mountain belts undergoing rapid denuda-
tion at rates of >1 mm/yr had pronounced
thermal perturbations characterized by ele-
vated isotherms at shallow crustal levels.
This fact has been supported by thermal
models (Oxburgh and Turcotte, 1974; Albe-
rede, 1976; England and Thompson, 1984;
Koons 1987). This paper presents quantita-
tive documentation of the near-surface
packing of isotherms in a young terrane un-
dergoing rapid denudation.

We report homogenization- and melting-
temperature data on secondary trails of fluid
inclusions that crosscut grain boundaries of
dynamically recrystallized quartz. Entrapment
of the inclusions is thus determined to have
occurred after grain-boundary migration in
quartz had ceased. These data provide min-
imum and maximum entrapment conditions
that, when combined with **Ar/*°Ar cooling
ages on biotite (Winslow et al., 1993, 1994),
provide quantitative controls on the Qua-
ternary denudation and thermal evolution
of the Nanga Parbat-Haramosh massif.

GEOLOGIC SETTING

The Nanga Parbat-Haramosh massif
(Fig. 1) is a north-trending promontory of
Indian basement. The massif is bordered on
the west by the north-trending Raikhot fault
that juxtaposes Indian basement over Cre-
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taceous rocks of the Kohistan sequence
(Treloar et al., 1991; Madin et al., 1989; But-
ler et al., 1989). Butler et al. (1989) have
presented kinematic evidence for dextral re-
verse motion along the Raikhot fault. To the
north (not shown in Fig. 1), features along
the fault show an oblique dextral sense of
movement, with east side up on vertical sur-
faces (Butler et al., 1989).
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Madin et al. (1989) have shown that the
dominant ductile structures within the mas-
sif are three generations of folding, charac-
terized by transposition of a previous fabric
to an S1 fabric that has left only highly at-
tenuated isoclinal folds of an earlier F1
event (Madin et al., 1989). F2 structures are
present along the Indus gorge as an anti-
form-synform pair with east-trending axes.
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Figure 1. Simplified geologic map of study area showing geologic relations as well as fluid-
inclusion sample locations and location of biotite cooling-age traverse (A-B). NPHM—Nanga

Parbat-Haramosh massif.
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F3 folds are northeast-trending upright,
tight, asymmetric antiforms with steeply dip-
ping western limbs and gently dipping east-
ern limbs. Uplift along the Raikhot fault sys-
tem correlates with the F3 event (Madin et
al., 1989).

Mineral lineations within the massif vary
in orientation. Treloar et al. (1991) reported
a detailed structural study along the Indus
gorge, to the north of our study area. They
showed that mineral lineations are predom-
inantly north-south, and they attributed
these to an early Himalayan or Precambrian
metamorphism. Along the Raikhot fault,
the lineations are oriented about an east-
west axis as a result of recent denudation of
the massif. We find that within the migma-
tized region of the massif, in the Raikhot
valley, the mineral lineations are also ori-
ented east (Fig. 1). We infer these lineations
to represent an east-west transport direction
associated with denudation of the massif.

Timing of metamorphism and denudation
of the massif has been determined by iso-
topic dating. Zeitler et al. (1993) reported
U/Pb ages on zircons and monazites from
the migmatized region in the Raikhot valley
to be as young as 3.3 Ma. Farther to the
north, the U/Pb monazite ages increase to
10-12 Ma (Smith et al., 1993). Maximum
Sm/Nd final equilibration ages on garnet,
from the Astor valley, are <25 Ma and pos-
sibly as young as 10-12 Ma (Nigel Harris,
1994, personal commun.). These ages are in
good agreement with the U/Pb ages on
monazite.

Winslow et al. (1993, 1994) presented
“CAr/*°Ar total-fusion ages on biotite sepa-
rates, along a north-south traverse of the
Raikhot glacial valley. These ages decrease
toward the summit region of the massif.
Ages as young as 0.85 = (.02 Ma have been
recorded within the summit region (Fig. 2).
One kilometre south of the Raikhot fault,
biotite grains record “CAr/**Ar cooling ages
of 1.8 = 0.1 Ma. The ages decrease to
1.06 = 0.02 Ma within 0.5 km and then
steadily increase to over 4.0 Ma over a dis-
tance of 3 km. At the Tato fault, ages drop
off sharply to 1.60 * 0.01. Step-heated anal-
ysis of older samples shows, however, that
the older total-fusion ages south of the Tato
fault are related to excess-Ar incorporation,
and the resulting ages more closely match
the overall pattern but represent maximum
cooling ages. The two oldest samples from
between the Tato and Raikhot faults de-
crease by only 0.5 and 0.3 Ma after step
heating, indicating that the age pattern in
this region is real. George et al. (unpub-
lished manuscript) have suggested that leu-
cogranites intruded the massif while the
country rocks were at or above the closure
temperature of biotite.
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Figure 2. “°Ar/*°Ar cooling ages on biotites
along line A-B in Figure 1. Ar data are pro-
jected onto the straight line. Open circles rep-
resent total-fusion cooling ages and show age
minimum of 0.8 Ma and maximum of 4.8 Ma;
errors are within limits of symbols used. Cool-
ing ages steadily increase away from Raikhot
fault and then drop sharply at Tato fault. Solid
circles represent inverse-correlation ages
from step-heated samples. Lines between
solid and open circles connect samples for
which both types of experiments were per-
formed. Step heating reveals that age differ-
ence between Raikhot and Tato faulits is real.
The old ages south of Tato fault are due to
incorporation of excess Ar.

PETROGRAPHY
Samples

Samples were collected from in situ mig-
matites, pegmatitic dikes, quartz veins, and
orthogneisses across the Nanga Parbat mas-
sif. This area has been affected by cordierite
+ K-feldspar + sillimanite granulite-grade
metamorphism in the summit region of
Nanga Parbat. On the flanks of the massif,
metamorphism occurred in the kyanite +
muscovite stability field.

Pegmatitic dikes contain scattered grains
of euhedral (rectangular) plagioclase as well
as feldspars that have undergone recrystal-
lization. Quartz-grain boundaries are lobate
and sutured. Locally, quartz grains exhibit
diffuse undulatory extinction. Quartz-grain
sizes vary from 50 to 500 um in diameter.
Generally, small quartz grains appear to be
strain free. The microstructural develop-
ment is similar to that described by Hirth
and Tullis (1992) as indicating recrystalliza-
tion at low temperatures.

Quartz veins also exhibit similar micro-
structures. Some of the large quartz crystals
exhibit a patchy undulatory extinction. Lo-
cally, small (~50 pm) recrystallized grains
rim the larger grains. Grain-boundary mi-
gration is apparently the dominant recrys-
tallization process as indicated by lobate
grain boundaries. Microfracturing is com-
mon throughout the veins. In some cases the
microfractures cut the grain boundaries; in
other cases the microfractures terminate at
the lobate grain boundary.

Fluid Inclusions

The fluid inclusions (Table 1) contain ei-
ther two or three phases at room tempera-
ture, are generally <25 pm in diameter, and
show no signs of having been formed from
closing of larger inclusions (necking down).
The presence of fluid inclusions in micro-
fractures (30-300 pm thick and traversing
several grains) limits the entrapment of the
secondary planes to temperatures at or be-
low the brittle-ductile transition, following
formation of the quartz grain boundaries
(Kerrich, 1976; Craw, 1988; Hollister, 1990;
Craw and Norris, 1993; Johnson and Hol-
lister, 1994). Locally, grain boundaries,
which are crosscut by secondary trails, are
decorated by low-salinity aqueous fluid
inclusions.

Sample Pk/J-5 contains small (<30 pum in
diameter) fluid inclusions found in nonpla-
nar as well as planar arrays. The fluid inclu-
sions are oval to faceted and are composed
of vapor-rich and liquid-rich fluid composi-
tions. The room-temperature phase ratios of
both the liquid- and vapor-rich inclusions
are constant, arguing against necking down
as a mechanism for the formation of two
distinct fluid-inclusion compositions.

RESULTS

Fluid-inclusion compositions and densi-
ties were determined through the use of
standard heating and freezing measure-
ments on a Fluid Inc. gas-flow heating and
freezing stage. Measured temperatures have
accuracies of =0.2°C at temperatures of
=50°C and *2.5°C at temperatures of
about 375 °C. Salinities (NaCl equivalent) of
aqueous inclusions were determined from
freezing-point depressions of H,O, and
compositions were calculated from the eu-
tectic temperature (first melting of ice) of
the solution. Densities of H,0-NaCl and
CO,-H,0-Na(l inclusions were calculated
using the equation of state of Bowers and
Helgeson (1983) and the program Mac-
Flincore. Table 1 shows the sample identi-
fication number, lithology, homogenization
and melting data, and inferred entrapment
conditions associated with the locality.

Commonly, CO,-H,O fluid inclusions
have Xc, = 0.15-0.36 and range in salinity
from 0 to only 0.1 wt% NaCl equivalent. The
inclusions (Fig. 3) showed total homogeni-
zation to both liquid and vapor at temper-
atures between 301 and 360 °C, correspond-
ing to densities between 0.366 and 0.854
g-cm >, All inclusions contain three phases
at room temperature except those from a
quartz-vein sample in Diamir Valley, which
contain two phases at room temperature.

H,0O-NaCl fluid inclusions contain two
phases at room temperature and have melt-
ing temperatures between —1.3°C and
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TABLE 1. FLUID INCLUSION DATA

Tem, Pressure
Sample R Tmbr  The TmCO2 ThCO2 Tmd Thf  Sie Mok o agr Mm& ;
PK/T120 9 16 2173() 12 Trail 277400 70-1000
10 516 283 (v) 82 9 GB
10 01 2765() GB >277 >70
PK/T308 13 585 215 () 100 3311(®) 18 Growp
9 28  313.0() 6 Trail 313400
Pk/J-5 1717 2702() 6 Trail 270-300
7 -3 3521() 15 Group ~350 ~150
9 01  354.1() 18 Group ~350 ~150
PK/T303 14 571 293 (v) 100 3060(y) 20 Trail 300400 375-700
PK/R-6 510 273 () 96 3094() 25 Trail 285-400 800-1400
2 32 25700 Trail 256-400
PK/D-4 598 026 (v) 102 3753() 30 Trail ~400 ~300
15__-15 2650 () Trail 265-400 65-850

Note: N = number of inclusions analyzed; Ty, = melting temperature of the brine; Thy,, = temperature at which only a single phase was
present in the brine; Tico, = temperature at which solid CO, melted; Thco, = temperature at which CO, was all one phase; T = melting
temparature of the clathrate; T = temperatre at which homogenization of all phases occurred; G.B. = grain boundary; v = vapor; 1 = liquid.

—2.6 °C, corresponding to a salinity of ~3-5
wt% NaCl equivalent. First-melting temper-
atures of these inclusions could not be de-
termined owing to their small size; thus, we
cannot preclude the presence of other dis-
solved cations within the fluid inclusions
that would affect the calculated salinity and
densities of the trapped fluid. However,
given the low salinities of the fluid inclu-
sions, even a pure CaCl, salt component
would shift the isochores by only a few 10s of
bars. These inclusions homogenize to the
liquid between 250 and 330 °C.

The inclusions from sample Pk/J-5 from
Tato Valley homogenize to liquid or vapor
in the narrow range between 348 °C and
363 °C. Inclusions homogenizing to vapor
are pure water with melting temperatures of
0 = 0.1 °C, whereas inclusions homogeniz-

T T T T T T
Inferred entrapment conditions
for the summit region of Nanga Parbat
— =" Solvus limit for X0, =0.125

| — — — Solvus limit for XC02 =0.375
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Figure 3. Plot of isochores for CO,-H,0-and
H,0-NaCl-rich fluid inclusions analyzed from
Tato section. Shaded region represents range
in conditions of entrapment. Short dashed
lines are isochores for CO,-H,0. These iso-
chores terminate on the low-temperature end
at the position of the CO,-H,0 immiscibility
curve for their respective compositions and
densities. Solid lines represent isochores for
H,0-NaCl, and long-dashed lines represent
the solvus for CO,-H,0.
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ing to liquid have melting temperatures be-
tween —2.0 °C and —1.6 °C. The presence of
inclusions that homogenize to either liquid
or vapor is indicative of entrapment of a
boiling fluid.

TEMPERATURE AND DEPTH
OF ENTRAPMENT

The fluid inclusions that best indicate en-
trapment conditions occur along healed mi-
crofractures that postdate grain-boundary
migration in quartz. The presence of micro-
fractures that both crosscut and do not
crosscut grain boundaries of dynamically re-
crystallized quartz provides us with a maxi-
mum temperature of entrapment, the inter-
section of the secondary fluid-inclusion
isochores with the brittle-ductile transition.
We have taken the brittle-ductile transition
in quartz to be 300—400 °C at geologic strain
rates (Sibson et al., 1979; Knipe, 1989; John-
son and Hollister, 1994). According to But-
ler et al. (1989), deformation along the
Raikhot fault system was continuous from
amphibolite conditions through the brittle-
ductile transition. Treloar et al. (1991) sug-
gested that the main fabric within the inte-
rior of the massif may be Precambrian or
Himalayan (55-20 Ma) and may have been
passively uplifted. Alternatively, Smith et al.
(1993) and Zeitler et al. (1993) have shown
that monazites, included in biotites, with no
obvious features associated with hydrother-
mal alteration, record Neogene U/Pb ages
as young as 3.3 Ma, indicating that growth of
the metamorphic fabric occurred at this
time. Furthermore, our ongoing structural
studies indicate that within the migmatized
region of the massif, the rocks underwent
recrystallization associated with develop-
ment of the east-trending mineral linea-
tions. This implies that plastic deformation
was occurring over the past 3.3 m.y. and that

the fluid-inclusion trails found within the peg-
matite and migmatite leucosomes were
trapped after or during this recrystallization
event. The minimum entrapment conditions
for the H,0-CO, fluid-inclusion trails can
be determined by the position of the H,O-
CO, solvus (Sterner and Bodnar, 1991).

Although the determination of whether
lithostatic or hydrostatic pressures prevailed
during entrapment of the fluid inclusions is
not critical to the interpretation of our data,
we have attempted to determine which pres-
sures dominated at the time of entrapment.
The fluid-inclusion trails were trapped at or
below the brittle-ductile transition, which
may suggest either hydrostatic or lithostatic
pressures. However, lithostatic corrections
imply exceptionally high near-surface ther-
mal gradients (as high as 240 °C/km). The
use of hydrostatic corrections yields more
reasonable geothermal gradients and denu-
dation rates, which are in agreement with
rates reported elsewhere (Zeitler et al,,
1993). In any event, the use of either pres-
sure correction leads to the conclusion that
the geotherm was relatively steep at the time
of entrapment.

To quantify the geothermal gradient dur-
ing denudation, we have chosen to take the
average entrapment conditions as deduced
through fluid-inclusion techniques and ap-
ply a hydrothermal pressure correction to
arrive at depths. We have utilized fluid-
inclusion data from the Tato region to de-
termine the geothermal gradient as this is
the region showing the most pronounced
thermal effects (Zeitler et al., 1993; Winslow
et al., 1994). Our minimum conditions were
defined by the location of the H,0-CO, sol-
vus, 300-380 bar at ~300 °C. The maximum
conditions were determined as 700-1400
bar at 400 °C. This leads to a range of geo-
thermal gradients of 29-57 °C/km at the up-
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per temperature limit and 80-100 °C/km at
the lower temperature limit. The upper-
temperature-limit depths may be too high,
given that this is a high estimate for the
brittle-ductile transition. Therefore, we have
decided to report the average depth (6 km) at
350°C to determine the average geothermal
gradient during denudation of the Tato re-
gion, 58 °C/km.

The relation between biotite cooling ages
and fluid-inclusion entrapment conditions is
not entirely clear. Previous workers have
gathered thermochronologic data suggest-
ing at least 15 km of denudation over the
past 10 m.y. (Zeitler, 1985; Treloar et al,,
1991). These authors arrived at these de-
nudation rates by assuming a geothermal
gradient lower than the one we have docu-
mented. This would result in an underesti-
mation of the amount of denudation over
the past 10 Ma. Therefore, the fluid inclu-
sions must have formed earlier than 10 Ma
because the amount of denudation since this
time would undoubtedly have removed the
former brittle section of the crust. The clo-
sure of biotite to Ar diffusion at high cooling
rates is within the temperature range com-
monly reported for the brittle-ductile tran-
sition (Sibson et al., 1979). When the fluid-
inclusion data are combined with “°Ar/**Ar
biotite cooling age data, denudation rates of
6 = 2 mm/yr (hydrostatic pressure correc-
tions) are concluded to have occurred within
the Nanga Parbat region of the massif over
the past 1 m.y.

CONCLUSIONS

The Nanga Parbat-Haramosh massif is
currently undergoing denudation, result-
ing in a higher than normal geotherm
(~58 °C/km) due to rapid advection of hot
rocks from depth. We have documented
that this steepened geotherm existed as re-
cently as 1 Ma. Comparable results have
recently been obtained from other areas
that have undergone rapid denudation
(Hollister, 1979; Craw, 1988; Johnson and
Hollister, 1994). The Nanga Parbat massif
has experienced an average denudation
rate of 6 = 2 mm/yr (hydrostatic) from
~1.0 Ma to the present. These high de-
nudation rates resulted in an elevated
thermal gradient as heat was advected
close to the surface faster than it could be
dissipated by conduction alone, producing
the high geothermal gradient found within
the Nanga Parbat-Haramosh massif. The
pronounced denudation rates documented
in the Nanga Parbat-Haramosh massif are
either due to erosion or extension, or a com-
bination of the two. Denudation not aided by
extension would imply exceptionally high ero-
sion rates. Although significant erosion in the
massif area is obvious, the role of extension in
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the denudation of the massif must still be
evaluated.
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