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ABSTRACT. Isotopic analyses of gneisses and anatectic granites from the
Nanga Parbat-Haramosh Massif (Pakistan Himalaya), a zone of pronounced
thermal activity and recent high-grade metamorphism in the Indian Plate, reveal
information about the conditions of granite genesis and the nature of Sr ex-
change in high-grade gneisses and granites. 7Sr/%Sr ratios for both gneisses and
anites are extremely high and heterogeneous (0.7721-1.0642), indicating that
oth granites and gneisses have an ancient metasedimentary crustal source.
Whole rock Rb-Sr dga?a for gneisses scatter around a reference isochron with an
age of 1.8 Ga. Although the Nanga Parbat leucogranites have similar ¥Sr/%Sr
ratios to the surrounding gneisses, their Nd isotopic compositions (eNd = —23 to
—25) are higher than those of the gneisses and migmatites (eNd = —26 to —29),
indicating that the granites’ source is not the presently exposed level of gneisses.
This result is consistent with other studies that suggest these granites formed as a
result of vapor-absent melting during the recent, rapid uFlift of Nanga Parbat.
Biotite and feldspar mineral separate Rb-Sr gata or six gneisses and one
granite have near-horizontal or ne%;uive slopes (and ages) on a Rb-Sr isotopic
evolution diagram. This behavior is best explained by: (% arecent (<5 Ma)) local
homogenization of Sr isotopes during the young metamorphism; and (2) after
peak metamorphism, Sr isotope exchange occurred between biotite and carbon-
ate minerals afier feldspar became closed to Sr exchange. This exchange took
place within the last 2 my and was mediated by metamorphic or magmatic fluids
which augmented Sr exchange with carbonate/calcsilicate lenses and/or depos-
ited secondary calcite veins in the granites and gneisses. This proposetr Sr
exchange between silicates and carbonates could have significant implications
for the interpretation of the seawater Sr curve because it enables carbonate
dissolution to contribute radiogenic Sr to the dissolved load in streams.

INTRODUCTION

The Nanga Parbat-Haramosh Massif (NPHM) of the northwestern Himalaya is a
zone of pronounced, young thermal and tectonic activity. Geochronologic studies of the
high grade gneisses and anatectic granites in NPHM have consistently yielded ages of 10
Ma and younger. These studies used-a variety of techniques and minerals, including
fission track on apatite (Zeitler, 1985), “0Ar/3?Ar on biotite, muscovite, and hornblende
(Zeitler, 1985; Winslow and others, 1994; George, Reddy, and Harris, 1995), U-Pb on
zircon and monazite (Zeitler and Chamberlain, 1991; Zeitler, Chamberlain, and Smith,
1993; Smith, Chamberlain, and Zeitler, 1992), and Rb-Sr on muscovite and biotite
(George, Harris, and Butler, 1993; George, Reddy, and Harris 1995; George and
Bartlett, 1996). These ages are anomalous among more typical >45 Ma metamorphic
ages along the western Himalaya (Maluski and Matte, 1984; Treloar and others, 1989;
Chamberlain, Zeitler, and Erickson, 1991). The young ages coincide with a period of
rapid denudation at Nanga Parbat, which is believed to have occurred at rates of 3 to 5
mm/yr over the past 3 my (Zeitler, 1985; Madin, Lawrence, and Ur-Rehman, 1989;
Zeitler, Chamberlain, and Smith, 1993; Whittington, 1996).

The coincidence of young granites with a period of rapid uplift in the NPHM
suggests a cause-effect relationship. Thus, a number of studies were conducted to
determine the processes that resulted in granite formation. Several models have been
proposed based upon geochemical data, field relationships, and heat flow models (Zeitler
and Chamberlain, 1991; George, Harris, and Butler, 1993; Chamberlain and others,

* Current address: Geology Department, Central Washington University, Ellensburg, Washington 98926
673



674 Carey A. Gazis and others—Isotope systematics of granites and

1995; Butler, Harris, and Whittington, 1997; Whittington, ms). It has been suggested that
some of the granites formed as a result of vapor-absent melting during decompression
and rapid exhumation of the NPHM (Zeitler and Chamberlain, 1991, Butler, Harris, and
Whittington, 1997; Whittington, ms), whereas other granites may have formed as a result
of vapor-present melting (Whittington, ms) possibly due to the infiltration of externally-
derived fluids (Chamberlain and others, 1995).

Determining the processes that formed these granites is difficult because of the
complicated geologic history of the NPHM. The NPHM rocks may have experienced
several periods of metamorphism (Treloar, Wheeler, and Potts, 1994) and deformation
(Wheeler, Treloar, and Potts, 1995) before the recent (<10 Ma) uplift and metamor-
phism. In addition, many of the rocks within the massif may have been overprinted by a
recent period of fluid flow (Craw and others, 1994; Chamberlain and others, 1995;
Butler, Harris, and Whittington, 1997) which further complicates any interpretation of
granite genesis.

We undertook this study to obtain more information about the petrogenesis of the
young leucogranites and the effects of any hydrothermal activity on these granites. Our
approach was to examine a variety of isotopic systems in individual samples. In this
paper, we report Rb-Sr, Sm-Nd, and oxygen isotope data for granites, migmatites,
gneisses, carbonates, and calcsilicates within the core of the NPHM. In addition, we
present Rb-Sr data for mineral separates from seven of these rocks and for waters from
active hot springs within the massif. As such, this work expands on the other isotopic
tracer studies of the gneisses and granites in the NPHM (Chamberlain and others, 1995;
George, Reddy, and HB.I‘I‘IS 1995; George and Bartlett, 1996; Butler, Harris, and
Whittington, 1997, Whlttmgton ms)

In this paper, we show that: (1) the leucogranite dikes and stocks were not derived
from the surrounding gneisses, confirming earlier observations that the source of the
granites is not at the présent erosional level (Butler, Harris, and Whittington, 1997,
Whittington, ms); and (2) that the Sr isotope ratios of biotite in both granites and gneisses
have been affected by post-metamorphic, fluid-mediated exchange with carbonates. This
second conclusion has implications beyond the questions of petrogenesis and metamor-
phism described above. It is relevant to an ongoing discussion of the sources of riverine
Sr in the Himalayas and their contribution to the #7Sr/86Sr ratio of seawater.

The Sr isotopic composition of seawater, recorded in marine carbonates, is gener-
ally regarded as a proxy for the interplay between chemical weathering on continents
and seafloor spreading. A sharp rise in the 7Sr/%Sr ratio of seawater over the past 40 my
is commonly attributed to the uplift and chemical weathering of the Himalayas (Ed-
mond, 1992). Several studies have established that Sr isotopic compositions of Hima-
layan rivers, particularly those in the Ganges-Brahmaputra system, carry extremely
radiogenic Sr (Palmer and Edmond, 1989; Krishnaswami and others, 1992; Harris and
others, 1998). Inasmuch as silicate weathering consumes atmospheric CO, whereas
carbonate weathering 'does not, there has been much debate over the lithologic source of
that radiogenic Sr and the effect of Himalayan weathering on global climate (Raymo,
Ruddiman, and Froelich, 1988; Raymo and Ruddiman, 1992; Krishnaswami and others,
1992; Edmond, 1992; Palmer and Edmond, 1992; Blum and others, 1998; Harris and
others, 1998; Singh and others, 1998). Fluid-mediated exchange of Sr between biotite
and carbonate is a mechanism by which radiogenic Sr can enter the rivers without
substantial silicate weathermg and CO, consumption. If this biotite-carbonate exchange
proves to be a widespread phenomenon, this could greatly change estimates of the
influence of Himalayan uplift and weathering on atmospheric COs.
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GEOLOGIC FRAMEWORK

The Nanga Parbat-Haramosh Massif, located in northeastern Pakistan in the
northernmost part of the Western Himalayan Syntaxis, is a north-trending half-window
of Indian crust. It is surrounded to the north, east, and west by rocks of the Kohistan-
Ladakh island arc (fig. 1), which is made up of late Cretaceous and Eocene plutons,
volcanics, amphibolites, and pyroxene granulites (Tahirkheli and others, 1979; Coward
and others, 1982, 1986, 1987, 1988; Treloar and Izatt, 1993). The Indian plate rocks of
the NPHM were thrust below the Kohistan arc rocks along a major suture, the Main
Mantle Thrust (MMT), during the Eocene (Treloar and others, 1989; Butler, Harris, and
Whittington, 1992). Locally, the MMT is cut by younger faults such as the Raikot/
Liachar fault (Butler and Prior, 1988), exposed along the Indus River on the west side of
the NPHM (fig. 1).

The NPHM is made up of high grade gneisses and migmatites, coexisting with
anatectic granites. The metamorphic rocks are generally quartzofeldspathic biotite and
augen gneisses, but carbonates (marbles and dolomites), calcsilicates, and amphibolites
are present in lenses, making up a small percentage (<1 percent) of the outcrop
exposure. A few massive carbonate lenses are present, such as the dolomite from which
sample CG-95-13 was collected. The metamorphic grade in the massif ranges from
upper amphibolite-grade on the northwest margin of the massif to granulite-grade near
the summit of Nanga Parbat and in the Stak Valley to the northeast (Misch, 1949;
Chamberlain, Jan, and Zeitler, 1989; Pognante, Benna, and Le Fort, 1993; George, ms;
Khattak, ms; Winslow, Chamberlain, and Zeitler, 1995). In the Tato drainage (fig. 1),
metamorphic assemblages of sillimanite-K-feldspar—quartz-biotite and cordierite-K-
feldspar—sillimanite-biotite-quartz are present toward the core of the massif (near Nanga
Parbat}. Pressure-temperature estimates from some of these high-grade rocks vary from
580° to 700°C and 4.4 to 7.5 kb (Chamberlain, Jan, and Zeitler, 1989; Winslow,
Chamberlain, and Zeitler, 1995; Whittington, 1996).

There is considerable controversy over the age of the high grade metamorphism of
the Nanga Parbat gneisses. Based on petrologic observations and field relationships
along the Indus River, Treloar, Wheeler, and Potts (1994) and Wheeler, Treloar, and
Potts (1995) conclude that fabrics and some of the metamorphism of the migmatitic
gneisses of the NPHM are pre-Himalayan and possibly even Precambrian. Their
argument is based, in part, on the observation that the gneisses and migmatites are cut by
basic intrusive sheets which are in turn cut by granitic sheets. Wheeler, Treloar, and Potts
(1995) suggest that the basic sheets were formed either in the Permian, correlating with
the basic magmatism of the Panjal traps, or in the Proterozoic. In contrast, Smith,
Chamberlain, and Zeitler (1992) and Zeitler, Chamberlain, and Smith (1993) suggest that
metamorphism is less than 10 Ma, based upon U-Pb ages of monazite and zircon in
gneisses. They argue that high-grade metamorphism and anatexis occurred recently
during a period of rapid denudation. In light of the Precambrian protolith age and the
complex tectonic activity of the region, it is likely that these rocks have undergone
multiple episodes of metamorphism and deformation. Thus, the different interpretations
of metamorphic ages may be due to the different sampling locations and the different
methods used to assess the age of metamorphism.

Throughout the massif there are abundant granitic dikes, migmatites, and stocks.
Field observations distinguish at least three generations of granitic rocks in the NPHM.
Within the gneiss sequence, there are frequent migmatitic zones, the leucosomes
presumably being the first generation of granitic rock. Migmatites are clearly syntectonic
with the metamorphic event responsible for the regional gneissic foliation, inasmuch as
their fabric is concordant with the gneissic foliation. A second generation of granitic
rocks are the tourmaline-bearing leucogranites which occur as small stocks and dikes
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throughout the massif. These peraluminous granites, consisting of quartz (20-35 percent),
plagioclase (10-20 percent), K-feldspar (30-45 percent), muscovite + biotite (2-10
percent), and tourmaline (<10 percent), are generally discordant with the gneissic
foliation. They have been grouped with the High Himalayan leucogranites by Le Fort
and others (1987). All the granite samples we analyzed in this study belong to this second
generation of leucogranites. The largest stocks are the Jutial Granite, located north of the
Indus Gorge (George, Harris, and Butler, 1993) and the Fingatory (or Tato) Granite
(Misch, 1949), located on the west side of the Tato drainage, north of Nanga Parbat
mountain (fig. 1). Both these bodies are several kilometers in their longest dimension.
The third generation of granitic rock are small (<5 c¢m thick) veins containing quartz,
alkali feldspar, and cordierite (frequently altered to chlorite), which overprint the
gneissic foliation, particularly along biotite-rich layers (Butler, Harris, and Whittington,
1997; Whittington, ms). These veins occur in outcrop in the Tato drainage near the core
of the massif. Boulders containing these veins are commonly seen in moraines of the
Raikot glacier and less commonly in the Rupal Valley.

Fluid flow has been an important component of the recent metamorphism and
granite genesis at NPHM (Craw and others, 1994; Chamberlain and others, 1995; Butler,
Harris, and Whittington, 1997). In a detailed study of rocks from the Tato traverse of the
NPHM, Chamberlain and others (1995) found stable isotopic evidence for a dual
hydrothermal system consisting of: (1) deep-seated migration of magmatic and metamor-
phic fluids in the high-grade core of the massif; and (2) relatively near-surface infiltration
of meteoric waters along brittle faults. The stable isotopic data (Chamberlain and others,
1995), in part, confirm early work on fluid inclusions by Craw and others (1994), in
which inclusions in quartz from late-stage veins were examined to determine the nature
of fluid flow during the most recent stages of uplift at Nanga Parbat. Craw and others
(1994) concluded that topographically-driven meteoric water has convected through
fracture permeability in the brittle part of the crust and has risen to the surface near its
boiling point. The presence of active hot springs on the flanks of Nanga Parbat mountain
that are isotopically similar (Chamberlain and others, 1995) to local meteoric water
(largely stored in glaciers) supports this fluid flow model.

ANALYTICAL TECHNIQUES

We collected rock and hot spring water samples mainly along the Tato and Rupal
drainages on the north and south side, respectively, of Nanga Parbat (fig. 1). Our study
concentrates on the leucogranite dikes and stocks (Fingatory Granite) described above
because volumetrically they are the most important granitic rocks in the massif. In
addition, we sampled representative gneiss, migmatite, marble, and calcsilicate rocks
from these drainages. We also sampled water from the two main hot spring localities in
the study area. The Tato hot springs are located beside Tato village (fig. 1, W16), 22 km
north of the summit of Nanga Parbat at an elevation of 2350 m. The Tata Pani hot springs
are located on the south side of the Indus River, adjacent to the Ratkot fault (fig. 1, W26)
at an elevation of 1350 m.

Whole rock samples were powdered in a shatterbox. Biotite, feldspar, and garnet
were separated from the 105 to 335 pm size fraction using standard density and magnetic
separation techniques. The final mineral separates were hand-picked to ensure high
purity. Hot spring samples were filtered through 0.45 pm filters and collected in
acid-washed polyethylene bottles.

Twenty to 200 mg of whole rock powders or mineral separates were digested using
HF and HCIO, in capped beakers on hotplates until no residue was observed. A small
aliquot of each sample was isotopically spiked and concentrations of Sr, Rb, Nd, and Sm
were determined by isotope dilution to a precision of about =10 percent. For a subset of
samples, these concentrations were also determined by spiking the entire dissolved
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sample and analyzing the appropriate separated fractions after cation exchange elution,
The uncertainty on these concentrations is <1 percent. Rb and Sr concentrations for
water samples were measured using a high-resolution inductively coupled plasma mass
spectrometer (ICP-MS) with an estimated precision of =<5 percent.

Rubidium, Sr, Sm, and Nd were separated from the whole rock digests using quartz
cation exchange columns. Dowex AG50 X8 resin (200-400 mesh) was first used to
separate Rb, Sr, and rare earth element (REE) fractions, and then a second column with
AG50 X8 resin (<400 mesh) was used to separate Sm and Nd fractions. Because of the
high Rb/Sr ratios of these rocks, strontium fractions were routinely re-eluted through
small columns loaded with strontium specific resin (EIChroM Sr - Spec). To obtain Sr
from hot spring water samples, a portion of each sample was evaporated and eluted twice
using the Sr specific resin. Sr isotopic compositions were determined using a VG Sector
single collector thermal ionization mass spectrometer (TIMS). A Finnigan MAT 262
TIMS with 8 collectors was used to determine Nd isotope ratios. Sr and Nd isotope ratios
were normalized to *Sr/%Sr = 0.1194 and '“Nd/!“/Nd = 0.7219, respectively. Thirty-
seven analyses of the NBS 987 Sr standard and 26 analyses of the Caltech nNdp standard
during the time of this study gave isotopic ratios of #Sr/%Sr = 0.710202 = 0.000021 and
"Nd/"Nd = 0.511893 *+ 0.000008 (20). Total procedural blanks were <100 ng for Sr
and <20 ng for Nd.

An aliquot of each whole rock digestion and of the hot spring samples was analyzed
for major element concentrations using an inductively coupled plasma optical emission
spectrometer (ICP-OES). The estimated precision of this method is =5 percent based on
measurement of calibration standards.

Oxygen isotope compositions of these whole rocks were determined using a
conventional BrF; extraction line at Dartmouth College. Powdered samples were kept in
a drying oven overnight at approx 80°C and loaded into nickel rod reaction bombs in a
drybox. Bombs were evacuated under high vacuum for 2 hrs at 300°C to minimize
contamination by atmospheric moisture. Samples were then reacted with excess BrF; for
~10 hrs at 560°C. Liberated oxygen was converted to CO; in the presence of heated
graphite, and the resultant CO, was cryogenically purified and analyzed on a Finnigan
MAT 252 gas source magnetic sector mass spectrometer. '#0/1%0 ratios are converted to
the standard 8-notation as permil (%o) difference from Standard Mean Ocean Water
(SMOW). Analytical precision is ~0.25 permil (1), based on 12 analyses of an internal
laboratory quartz standard.

RESULTS

Major element compositions for 13 whole rock and 2 hot spring samples are listed in
table 2. Granites have bulk compositions within the range typical of peraluminous
granites (Hess, 1989, p. 228). Gneisses and migmatites have a wide range of bulk
compositions, corresponding to a wide range of modal mineralogies, from 50 wt percent
SiO, in a garnet gneiss to 77 wt percent SiO, in the leucosome of a migmatite. Hot spring
waters are rich in Na, Si, and F and contain relatively low concentrations of Fe and Mg.
The presence of high concentrations of Na, Si, and F is consistent with water-rock
interaction with the high-grade gneisses that contain abundant plagioclase as well as
biotites with unusually high F contents (Winslow, Chamberlain, and Zeitler, 1995).

Oxygen and Sr isotopic compositions and Rb and Sr concentrations of 21 whole
rock samples are given in table 3. With the exception of one sample, which appears to be
isotopically altered by hydrothermal fluids (CG-95-27), gneisses and migmatites have
whole rock 3O values between +9.0 and +13.6 permil, while granites 330 values
range from +8.6 to +10.3 permil. Chamberlain and others (1995) also observed that
Nanga Parbat granites appear to have lower 3'%0 values than the surrounding gneisses.
%7Sr/%8r ratios of Nanga Parbat gneisses, migmatites, and granites are high and ex-
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tremely variable,ranging from 0.7681 to 1.0642. Three carbonate/calcsilicate samples
have lower #7Sr/%8Sr ratios, between 0.7058 to 0.8030. Hot spring waters and travertine
deposits have values ranging from 0.8098 to 0.8355. 87Rb/%Sr ratios of nearly all NPHM
granites and gneisses analyzed are quite high, generally greater than one and as high as
30. All the granites we analyzed have higher 8Rb/*Sr ratios than the surrounding gneiss.

Mineral separate Rb-Sr data are listed in table 4. The range of Sr/%Sr ratios for
coexisting minerals within individual rock samples is small relative to the range between
separate samples. In five out of seven samples, biotite, the mineral with the highest Rb/Sr
ratio, has a lower #Sr/%Sr ratio than the coexisting feldspar or whole rock. All four
garnets analyzed have higher Rb/Sr ratios and lower #Sr/%Sr ratios than coexisting
feldspar. Whole rock Sm-Nd data for 11 samples (table 1) reveal that these rocks have a
narrow range of *Nd/!**Nd ratios. Gneisses and migmatites analyzed have distinctly
different 1**Nd/!4*Nd values (0.51116-0.51132) than the granites (13Nd/*Nd = 0.51138-
0.51147).

AGE OF GNEISS PROTOLITH
Determining the geologic history of the NPHM is complicated because several
episodes of intense metamorphism and deformation have obscured many geologic
relationships. Thus, any constraints on the source and nature of the protolith of the
NPHM gneisses are extremely valuable. In general, the protolith for the Nanga Parbat
gneisses is varied, coming from two main sources: (1) a stratigraphic sequence of

! TABLE 4

Mineral separate Rb-Sr data

sample description Rb Sr  Rb/Sr SRb/Sr SSy¥Sr 20
o) ) @9 @d )
PK-12a-90 biotite gneiss 184.8 157.0 1.2 3.44 0.82358 + 0.00004
PK-12a-90-F  biotite gneiss - feldspar 3415  278.6 1.2 3.59 0.82393 + 0.00005
PK-12a-90-B  biotite gneiss - biotite 736.4 16.7 44.1 128.9 0.81643 + (.00003
PK-12a-90-GA biotite gneiss-garnet 5.4 1.9 2.8 8.31 0.81465 + 0.00003
CG-95-17 garnet gneiss, Jilliper ridge 170.2 30.2 5.6 16.48 0.81699 + 0.00003
CG-95-17-F garnet gneiss - feldspar 24 1282 0.02 0.05 0.81668 + 0.00002
CG-95-17-B garnet gneiss - biotite 528.2 3.5 1509 4414 0.81813 + 0.00005
CG-95-17-GA  garnet gneiss - garnet 1.3 1.3 1.1 3.08 0.81277 + 0.00007
CG-95-14 garnet gneiss, Jilliper ridge 184.1 72.5 2.5 7.45 0.85103 + 0.00003
CG-95-14-F garnet gneiss - feldspar 107.6 3122 0.34 1.01 0.85622 + 0.00004
CG-95-14-B garnet gneiss - biotite 619.1 6.6 93.8 274.2 0.81103 + 0.00006
CG-95-14-GA  garnet gneiss - garnet 5.5 1.9 2.9 8.48 0.83056 + 0.00003
CG-95-22 migmatite, N. of Tato 131.6 1844 0.7 2.09 0.85280 + 0.00002
CG-95-22-F migmatite - feldspar 195.0  261.0 0.7 2.19 0.85306 + 0.00003
CG-95-22-B migmatite - biotite 698.0 4.6 151.7 4447 0.84002 + 0.00003
CG-95-22-GA migmatitg - garnet 1.8 1.0 1.8 5.28 0.85265 + 0.00002
PK-109-90 augen gneiss 378.9 78.4 4.8 14.47 1.06418 + 0.00004
PK-109-90-F  augen gneiss - feldspar 662.1 151.9 4.4 13.06 1.06952 + 0.00004
PK-109-90-B  augen gneiss - biotite 1335.7 13.4 99.7 297.9 1.04115 + 0.00002
PK-41A-90 altered gneiss - Tato shear zone  98.4 257.2 0.4 1.11 0.77209 + 0.00003
PK-41A-90-F  altered gneiss- feldspar 240.8 4162 0.6 1.68 0.77205 + 0.00003
PK-41A-90-B  altered gneiss - biotite 638.5 43 148.5 4325 0.77457 + 0.00002

PK-44a-90 Fingatory granite, Fairy Mdws  424.8 63 6.7 19.85 0.88776 + 0.00005
PK-44A-90-F  Fingatory granite - feldspar 925.6 72.8 12.7 37.43 0.88636 + 0.00001
PK-44A-90-B  Fingatory granite - biotite 2388.1 1.4 1706 5020 0.88325 + 0.00006
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predominantly pelitic sediments with minor amounts (~1 percent) of calcareous sedi-
ments and mafic volcanic rocks, and (2) orthogneisses consisting of highly deformed
granitic igneous rocks. Previous research on xenocrystic components of zircons in these
gneisses suggests that at least some of this protolith is of Precambrian age. A paragneiss
unit (Shengus gneiss) yields zircon U-Pb ages of approx 400 to 500 Ma (Zeitler and
others, 1989) and a orthogneiss unit (Iskere gneiss) gives a U-Pb age of approx 1.85 Ga
(Zeitler and Chamberlain, 1991; Zeitler, Chamberlain, and Smith, 1993).

Our Rb-Sr data provide additional support for a Precambrian protolith: 13 out of 14
whole rock data scatter around a reference isochron for 1.8 Ga with 87Sr/%Sr, .., = 0.710
(fig. 2). Data for Nanga Parbat gneisses from George, Harris, and Butler (1993) (also
shown in fig. 2) also scatter around this reference isochron as do data for samples
collected along the Liachar shear zone (George and Bartlett, 1996). Most of the data are
bracketed by 1.4 and 2.2 Ga reference isochrons. We do not believe that any of these
lines represents a whole rock isochron, which would assume initial Sr isotope homogene-
ity, but rather that the source rocks for Nanga Parbat gneisses are Precambrian, with ages
between 1.4 and 2.2 Ga. The extremely high 87Sr/3Sr and low 43Nd/144Nd ratios of the
Nanga Parbat gneisses are also consistent with a Precambrian protolith.

Alternatively, the protolith for these rocks may be older than 2.2 Ga, as the model
Nd ages (table 1, 2.3 to 2.5 Ga for gneisses) might suggest, but has undergone a major
thermal event around 1.8 Ga. These model ages represent an estimate of when the melts
from which the gneisses were eventually derived were separated from the mantle. These
ages were calculated assuming an average crustal Sm/Nd ratio of 0.17 (Taylor and
McLennan, 1985), a ratio that has clearly not been maintained until the present for the
granites.

1 - 1 0 /| T T T T l T T T T T T T T T 1
' O  NPHM granite
1-08 B  gneiss/mig
- 1.00 1.4 Ga o) ¢ carbonate
n A <& Kohistan
g 0-930 B hot springs
= A gneiss (George)
=~ 0.900 5 © (
“ .
~  0.850 o 3
0.800 i _;
0.750 3
0.700 I W RTINS NN TN ST SO WU NN M RN S

20 30 40
% Rb/ % sr

Fig. 2. 8"Rb/%Sr-87St/%Sr isochron diagram with data from Nanga Parbat granites (open circles), gneisses
and migmatites (crossed squares), carbonates/calcsilicates (black diamonds), Kohistan gabbro (open diamond),
hot spring waters and precipitate (black squares). Data from George, Harris, and Butler (1993} for Nanga
Parbat gneisses are also shown (open triangles). Solid line is a 1.8 Ga reference isochron, dashed lines are 1.4
and 2.2 Ga reference isochrons. All have 87Sr/#Sr; ... = 0.710.
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PETROGENESIS OF NANGA PARBAT LEUCOGRANITES

Recently, a number of isotopic studies have been undertaken to determine the
source of granites in the NPHM. These studies suggest that the granitic migmatite seams
in the high-grade core of the massif formed in vapor-present conditions (Whittington,
ms) possibly during fluid.infiltration (Chamberlain and others, 1995). In contrast, the
leucogranite dikes and stocks that are found throughout the massif are believed to have
formed during vapor-absent conditions (George, Harris, and Butler, 1993; Whittington,
ms) as a result of decompression melting during rapid uplift.

Our study concentrated on the leucogranite dikes and stocks located in the
high-grade core of the massif, because earlier studies of these granites showed that they
had distinctly different oxygen isotope values than the gneisses (Chamberlain and others,
1995), and it was unclear whether this difference was a result of post-magmatic alteration
by fluids or derivation of granites from an isotopically distinct source.

Several observations based on our data and data from George, Harris, and Butler
(1993), Chamberlain and others (1995), and Whittington (ms) must be explained by any
petrogenetic model for the Nanga Parbat leucogranites dikes and stocks:

1. Granites have a significantly higher Rb/Sr ratio than their host gneisses (fig. 2).
These Rb/Sr ratios, along with their Ba/Sr ratios, have been attributed to vapor-absent
incongruent melting of muscovite (George, Harris, and Butler, 1993; Whittington, ms).

2. The whole rock #’Sr/%8r ratios of the granites (0.8432-0.9967) are quite high and
fall within the range of 8St/%8r of the gneisses (0.7721-1.0642). In addition, present day
Nd isotopic ratios for granites (eNd = —23 to —25) are close to but slightly higher than
those of the gneisses and, migmatites (eNd = —26 to —29). Whittington {ms) observed
similar variations in "Nd/"Nd and %Sr/%8Sr ratios for leucogranite stocks in the
high- gra.de core of the massif. Data from George, Harris, and Butler (1993) for granites
and gneisses from elsewhere in the massif are also in general agreement with our data:
Nd isotopic ratios for the Jutial granite (eNd = —24 to —27) are slightly lower than our
granite values; four out of five gneisses have eNd between —26 and —32, and one has an
anomalously high eNd of —20.

3. Excluding samples that have obviously undergone typical hydrothermal oxygen
isotope exchange, the granites have an average whole rock 30 of 9.1 = 1.5 permil (1o,
n = 26), while the average whole rock 8'%0 of the unaltered host gneisses is 11.5 + 1.0
permil (1 o, n = 21; Chamberlain and others, 1995). Although these averages overlap
within 2¢, a standard T-test confirms that the differences between the means are
statistically significant (significance level a = 0.01). Thus, the granites appear to have
whole rock 80 values approx 2 permil lower than the adjacent gneisses.

The granites in the core of the massif are isotopically distinct from the migmatites.
The melanosome and leucosome from a single migmatite sample (PK-17b-90) are nearly
identical in their Sr and Nd isotopic composition and distinctly different from that of the
granites (fig. 3). Thus, it does not appear that the granites are related to the migmatite
leucosomes.

It is unlikely that the lower 38!0 of the granites is a result of subsolidus interaction
with meteoric water. The quartz-feldspar and quartz-biotite data for granites presented in
Chamberlain and others (1995) vary considerably because of the many small bodies
sampled, but for the majority of granites analyzed mineral oxygen isotopes have
equilibrated at temperatures between 500° and 900°C. These mineral pairs do not show
evidence for interaction with any substantial amounts of meteoric water, in that feldspar
8180 values have not been lowered as would be expected after interaction with meteoric
waters at temperatures =300°C (Criss, Gregory, and Taylor, 1987). We, therefore,
suggest that the relatively low 810 values of the granites reflect the isotopic composition
of their source, which is deeper than the presently exposed gneisses; this conclusion is
consistent with the differing eNd values of the granites and gneisses. These low %0
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Fig. 3. #7Sr/%Sr-145Nd/!*"Nd plot of Nanga Parbat gneisses (open circles), migmatites (crossed squares,
L = leucosome; M = melanosomef and granites (black diamonds).

values could either be the result of water-rock interaction in the source area prior to
melting or by a greater proportion of orthogneisses in the source rock.

Based on our data, two conclusions can be drawn as to the origin of the Nanga
Parbat leucogranite dikes and stocks in the core of the massif. First, the extremely high
87Sr/%Sr ratios and low eNd of the Nanga Parbat granites confirm that they are crustal in
origin and have no observable primitive magmatic component. Second, geochemical
evidence suggests that the source rock for the leucogranite dikes and stocks is not the
presently exposed level of gneisses, consistent with other studies that suggest the
leucogranite stocks formed from rocks not presently exposed on the erosional surface
(Butler, Harris, and Whittington, 1997).

It is useful to compare the geochemistry of granites at Nanga Parbat with granites
elsewhere in the Himalaya because of the tectonic significance of granite genesis. The
leucogranites of NPHM are roughly in line with a belt of geochemically similar anatectic
granites known as the High Himalayan leucogranites which run along the core of the
mountain range (Le Fort and others, 1987). The petrogenesis of the High Himalayan
leucogranites has been discussed by a number of workers (Debon and others, 1986; Le
Fort and others, 1987; Scaillet, France-Lanord, and Le Fort, 1990; Inger and Harris,
1993; Harris, Inger, and Massey, 1993; Harris, Ayres, and Massey, 1995), all of whom
agree that the granites have a sedimentary crustal source. Le Fort and others (1987)
propose a model for the petrogenesis of High Himalayan leucogranites in which they are
fluxed by volatiles given off during dehydration of rocks in the footwall of major crustal
fault complexes such as the Main Central Thrust (MCT). These fluids are believed to
have generated melts in the hanging wall and then emplaced at major disharmonic zones
above the fault. Harris, Ayres, and Massey (1995) offer a different petrogenetic model:
Based on distributions of Rb, Sr, and Ba between minerals in leucogranites and
Himalayan mica schists, they conclude that the High Himalayan granites were formed
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by fluid-absent muscovite breakdown in a pelitic source at midcrustal levels. They argue
that fluid-present melting would produce higher melt fractions with lower Rb/Sr ratios
than those observed.

The leucogranites at Nanga Parbat, which consist of quartz, plagioclase, K-feldspar,
muscovite * biotite, and tourmaline, are mineralogically similar to the High Himalayan
leucogranites. This similarity together with their position near the axis of the high
Himalayas led Le Fort and others (1987) to group the Nanga Parbat leucogranites
together with the High Himalayan leucogranites. However, the geochemical data
collected since 1987 suggests that the Nanga Parbat leucogranites do not have as much in
common with the High Himalayan leucogranites as was previously assumed, for the
following reasons:

First, the granites at Nanga Parbat are much younger than the High Himalayan
leucogranites. High Himalaya granites typically yield K-Ar and Rb-Sr ages of 12 to 20
Ma (Ferrara, Lombardo, and Tonarini, 1983; Le Fort and others, 1987; Deniel and
others, 1987). In contrast, Ar-Ar and U-Pb ages for the leucogranites at Nanga Parbat are
between 1 and 10 Ma (Zeitler and Chamberlain; 1991; Zeitler, Chamberlain, and Smith,
1993; Winslow and others, 1994).

Second, the Nanga Parbat granites have a distinctly different isotopic signature than
the other High Himalayan leucogranites (fig. 4). Initial 8’Sr/%6Sr ratios (calculated for 20
Ma) for ten High Himalayan leucogranites all fall within the range of 0.724 to 0.826.
Initial 87Sr/8Sr ratios for four Nanga Parbat granites are substantially higher, ranging
from 0.843 to 0.996 (calculated for 1 Ma; for comparison, the range for 20 Ma is
0.836-0.988). Similarly, oxygen isotope compositions of High Himalayan granites and
Nanga Parbat granites are'different. Measured 8'#0 values for High Himalayan granites

I I f T I ! T T
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Chung La p—
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Everest — L 4
Langtang [ )
Manaslu| —— —&
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Nanga Parbat S I . 4 I
t I | { | | | | | | | ]
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s ®sr §'%0
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Fig. 4. Comparison of 87Sr/#68r;,4. ratios (A) and 3180 values (B) for High Himalayan leucogranites and
Nanga Parbat leucogranites. Ranges of measured values are bracketed. Black diamonds represent mean 380
values. Granites that have clearly been isotopically altered by hydrothermal fluids are excluded. Nanga Parbat
data from this study and Chamberlain and others (1995). Data sources for High Himalayan leucogranites:
Lhozag-Debon and others (1986), Sheppard and others (1983), Sheppard (1986); onlakarc{mng—Dietrich and
Gansser (198 18, Gansser (1983); Gophu La-Dietrich and Gansser (Fl) 81), Gansser (1983); Ferrara, Lombardo,
and Tonarini (1983); Gabug-Wang and others (1981); Everest-Ferrara, T.ombardo, and Tonarini (1983), Vidal
and others (1984); Langtang-Inger and Harris (1993); Massey, Harmon, and Harris (1994); Manaslu-Deniel
and others (1987), Vidal and others (1984), France-Lanord, Sheppard, and Le Fort {1988); Mustang-Vidal and
others (1984); Badrinath-Scaillet, France-Lanord, and Le Fort a 90), Blattner, Dietrich, and Gansser (1983);
Zanskar-Searle and Fryer (1986).
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range from +11.0 to +14.0 permil. Nanga Parbat granites, which do not display clear
evidence for subsolidus oxygen isotope exchange, have 80 values between +7.3 and
+12.3 permil, more variable and generally lower than their High Himalayan counter-
parts (fig. 4). In addition to these isotopic differences, studies of the trace element
chemistry show that Nanga Parbat leucogranites have higher Rb/Sr ratios and are
enriched in U and Th, which may reflect high heat production in the granites’ source
rocks (George, Harris, and Butler, 1993).

Third, in addition to these geochemical differences, the Nanga Parbat granites are in
a different structural setting than the High Himalayan leucogranites. The granites occupy
the core of a high-grade massif that has been recently uplifted and thrust over water-poor
Kohistan basaltic rocks. Thus, the fluid-flux model of Le Fort and others (1987) cannot
directly apply to the Nanga Parbat granites because they are not in a hot thrust over
fertile unmetamorphosed schists.

Thus, the Nanga Parbat leucogranites are similar to the High Himalayan leucogran-
ites in that they represent a near-minimum melt, probably produced by a mica
breakdown reaction in a deep pelitic source rock (George, Harris, and Butler, 1993;
Butler, Harris, and Whittington, 1997; Whittington, ms). However, the N anga Parbat
granites were formed much later than the High Himalayan leucogranites and their
source was much more isotopically heterogeneous. We, thus, concur with earlier
suggestions (Zeitler and Chamberlain, 1991; George, Harris, and Butler, 1993; Butler,
Harris, and Whittington, 1997; Whittington, ms) that the leucogranite dikes and stocks in
Nanga Parbat formed during decompression melting during the recent and rapid uplift
of the massif.

LEFFECTS OF FLUID-ROCK INTERACTION

Recent studies have shown that Nanga Parbat has experienced relatively intense
hydrothermal activity during the past 10 my (Craw and others, 1994; Chamberlain and
others, 1995; Butler, Harris, and Whittington, 1997). These studies suggest that a dual
hydrothermal system exists at N anga Parbat, dominated by meteoric waters in the upper
portion of the crust and magmatic and/or metamorphic fluids in the lower, hotter crust.
Fluid flow has clearly altered rocks within shear zones and has interacted to a far lesser
degree with the gneisses, migmatite, and granites (Chamberlain and others, 1995).

Recently, a detailed study of micas in a shear zone along the edge of the massif
showed that deformation and/or fluid flow have significantly affected the Rb-Sr systemat-
ics of both biotite and muscovite (George and Bartlett, 1996). We have extended the
study of George and Bartlett (1996) into the highest-grade core of the massif to determine
the effects of fluid flow there. Below, we propose that deposition of secondary calcite
during hydrothermal activity and subsequent Sr exchange between carbonate minerals
and biotite has significantly influenced the Rb/Sr systematics of granites and gneisses in
the massif.

Our mineral Sr data can not be interpreted in terms of isochron ages because in 4
out of 6 samples of gneiss and migmatite, biotites have lower 87Sr/%Sr ratios than
coexisting feldspars. Whole rock 87Sr/#Sr ratios are close to feldspar $7Sr/%Sr ratios
because it is the largest Sr reservoir in the rock. Thus, feldspar—biotite—whole rock data
yield negative ages on an isochron plot (fig. 5). Garnet Rb-Sr data (discussed below; fig.
6) further complicate the situation, having lower #7Sr/8Sr ratios than coexisting feldspar,
but higher Rb/Sr ratios. Negative biotite-whole rock ages have been documented before
in other areas of the NPHM by George, Reddy, and Harris (1995) and George and
Bartlett (1996) who suggest that ductile deformation and/or fluid flow may be respon-
sible for these disturbances. Elsewhere in the Himalayas, a negative biotite-whole rock
Rb-Sr age was reported in gneiss from the Almora-Askot region of India (Powell and
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others, 1979). Powell and others (1979) surmise that the biotite 87Sr/86Sr ratio was
lowered by #Sr loss either during metamorphism or during incipient weathering.

Despite the negative isochron ages, we note that to the first order, biotite and
feldspar in any given rock are relatively homogeneous in their 87Sr/86Sr ratios. That is,
there are much smaller variations in #7Sr/%Sr between minerals than those between
rocks (fig. 5), especially considering the wide range of Rb/Sr ratios in biotites. This
relative homogeneity suggests either that Sr in previously-existing biotite has recently
equilibrated with the larger feldspar Sr reservoir or that the biotite has recently formed in
Sr isotopic equilibrium with the feldspar. In either case, this event represents a local
equilibration of Sr in biotite and feldspar. This equilibration must have been quite recent,
because the biotites have very high Rb/Sr ratios, and thus their 8’Sr/#Sr ratios should
increase rapidly once they are closed to Sr diffusion. For example, the #7Sr/#Sr ratio of
biotite from sample PK-12a-90 should increase at a rate of 0.002 per my. Therefore, the
near horizontal “isochrons” could only be maintained for timescales on the order of
several million years. The large 87Sr/%0Sr variation between samples indicates that this
local equilibrium had a length scale greater than a hand sample (=20 cm) and smaller
than the distance between samples (as small as 500 m).

Recent equilibration can explain biotite #Sr/#Sr ratios equal to or slightly higher
than feldspar ratios but can not explain biotite %7Sr/#Sr ratios that are lower than those of
feldspar, as observed in 5 out of 7 of samples. Two possible explanations are that: (1) the
feldspar #Sr/36Sr ratio was somehow raised relative to that of coexisting biotite; or (2)
biotite preferentially lost 87Sr after the biotite-feldspar equilibration event. Because it is a
decay product of Rb, 8’Sr in biotite is located in the loosely-bound interlayer sites more
frequently than #¢Sr, which might account for preferential loss of #Sr. However, given
the relative homogenelty of feldspar and biotite 87Sr/%Sr ratios within rocks, incongruent
loss of %Sr seems less likely. If feldspar and biotite in these rocks have recently
equilibrated, as indicated by this relative homogeneity, then it is likely that the Sr in both
the interlayer and intralayer sites of biotite acquired the same %Sr/%Sr ratio as the
feldspar. Because this homogenization occurred within the last few million years and
feldspar has a low Rb7Sr ratio, the present feldspar 87Sr/#%Sr is still very close to the
87Sr/%Sr of homogenization. In this case, incongruent loss of Sr from interlayer sites in
biotite would cause biotite 87Sr/%0Sr ratios to approach the 87Sr/%Sr ratio of homogeniza-
tion and thus would not cause the observed negative isochrons.
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We believe that a third explanation is the most plausible: After the biotite-feldspar
equilibration ended and feldspar became “closed” to Sr diffusion and exchange, the
biotite #’Sr/%Sr ratio was lowered through exchange with a separate lower-#7Sr/%Sr
reservoir. There are several possible reservoirs of low #7Sr/%Sr: (1) apatite in the rocks
themselves; (2) external fluids; and (3) carbonate minerals (including carbonate beds,
minerals in calcsilicates, and secondary calcite veins) within the gneiss sequence. Apatite
or external fluids are not large enough to be feasible reservoirs and can be ruled out by
mass-balance considerations. Apatite is a trace mineral making up less than 1 percent of
the rocks. Given a typical Sr concentration for apatite (1000 ppm), the total Sr reservoir
in apatite is only slightly larger than the Sr reservoir in biotite, which makes up =30
percent of the gneisses and has a Sr concentration of 5 to 10 ppm. The feldspar-biotite
equilibration event described above would be expected to equilibrate the Sr isotopes in
apatite as well, because the Sr diffusion coefficient of apatite is higher than that of
K-feldspar at temperatures of 650°C and lower (Giletti, 1991; extrapolated from mea-
sured diffusion parameters). Within 1 my after such an equilibration event, the 87Sr/36Sr
ratio of biotite would increase much more rapidly than feldspar and apatite due to the
much higher Rb/Sr ratio. At this point, a mass-balance calculation shows that equilibra-
tion between biotite and apatite would result in an #”Sr/%Sr ratio greater than that of
feldspar.

Concentrations of Sr in waters—even high temperature waters such as the hot
springs at Tato—are 10 to 100 times lower than Sr concentrations in biotite. Thus, if
exchange with downward percolating meteoric waters, similar to the hot springs, has
lowered the 87Sr/86Sr ratio of biotite in gneisses, and if the 37Sr/#Sr ratios of biotites and
waters are equidistant from the final %7Sr/®%Sr value, then 10 to 100 times more water
than biotite would be needed. This volume of meteoric water is contrary to the
observation that the oxygen isotopic signatures of most Nanga Parbat gneisses in the
high-grade core of the massif do not show evidence for infiltration by large volumes of
meteoric waters (Chamberlain and others, 1995).

Therefore, we suggest that carbonate minerals, either in secondary veins or in
carbonate/calcsilicate beds, are the Sr reservoir that is most likely to have caused the low
%7St/%Sr ratios in biotite. Our examination of over 150 thin sections of gneisses and
granites in the core of the massif (Poage, unpublished data) show that disseminated
calcite and calcite veinlets (<1 mm thick) are not uncommon throughout many of these
rocks. The calcite is not a primary mineral in these rocks and is presumed to have been
deposited by metamorphic and magrhatic waters in the deeper portions of the hydrother-
mal system (Chamberlain and others, 1995). Approx 1 percent of the paragnesis
sequence consists of carbonate and calcsilicate layers, which may be the source of the
calcite veins. At present, we do not know if the exchange of Sr occurred at the outcrop
level between carbonate lenses and gneisses or between disseminated secondary calcite
within the rock. In either case the exchange must have been mediated by a relatively
stagnant pore fluid, because calcite minerals are not in contact with biotites in all the
samples analyzed. As opposed to an external surface-derived fluid that contains little Sr,
the mediating fluid would effectively have a Sr concentration similar to that of the
carbonates, because in this closed system it could carry Sr multiple times between the
carbonate and biotite reservoirs. The fluid probably did not travel far (kilometers)
because then one would expect to see more homogeneity in biotites between samples.
We point out that there is abundant evidence for such a high-temperature metamorphic
and/or magmatic fluid (Craw and others, 1994; Chamberlain and others, 1995; Win-
slow, Chamberlain, and Zeitler, 1995). Perhaps the most likely scenario is that a fluid
whose chemical composition was buffered by the carbonate minerals in the carbonate
and calcsilicate beds both exchanged Sr with biotites in the gneisses and granites and was
responsible for the formation of secondary calcite veins.
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Thus, we propose the following two-stage scenario to explain the observed mineral
St isotope systematics. First, during the recent metamorphism the Sr in feldspar and in
biotite exchanged and was isotopically homogenized. Second, following high-grade
metamorphism the calcite veinlets were deposited by upward percolating magmatic/
metamorphic fluids. After feldspar became closed to Sr exchange the 37Sr/%Sr ratio of
biotite was lowered as a result of fluid-mediated interaction either with low ¥ Sr/8Sr
carbonate/calcsilicate lenses or with secondary calcite veins in the granites and gneisses.
Zuddas, Seimbille, and Michard (1995) determined experimentally that during granite-
hydrothermal fluid interaction the contribution of bio