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Oxygen isotope compositions are reported for the first time for the Himalayanmetabasites of the Kaghan Valley,
Pakistan in this study. The highest metamorphic grades are recorded in the north of the valley, near the India–
Asia collision boundary, in the form of high-pressure (HP: Group I) and ultrahigh-pressure (UHP: Group II)
eclogites. The rocks show a step-wise decrease in grade from the UHP to HP eclogites and amphibolites. The
protoliths of these metabasites were the Permian Panjal Trap basalts (ca. 267 ± 2.4 Ma), which were emplaced
along the northernmargin of India when itwas part of Gondwana. After the break-up of Gondwana, India drifted
northward, subducted beneath Asia and underwent UHPmetamorphismduring the Eocene (ca. 45± 1.2Ma). At
the regional scale, amphibolites, Group I and II eclogites yielded δ18O values of +5.84 and +5.91‰, +1.66
to +4.24‰, and −2.25 to +0.76‰, respectively, relative to VSMOW. On a more local scale, within a single
eclogite body, the δ18O values were the lowest (−2.25 to−1.44‰) in the central, the best preserved (least
retrograded) parts, and show a systematic increase outward into more retrograded rocks, reaching up
to +0.12‰. These values are significantly lower than the typical mantle values for basalts of +5.7 ± 0.3‰.
The unusually low or negative δ18O values in Group II eclogites potentially resulted fromhydrothermal alteration
of the protoliths by interactions with meteoric water when the Indian plate was at southern high latitudes
(~60°S). The stepwise increase in δ18O values, among different eclogite bodies in general and at single
outcrop-scales in particular, reflects differing degrees of resetting of the oxygen isotope compositions during
exhumation-related retrogression.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Eclogites, generally interpreted as subducted basalts or gabbros, can
retain bothhigh and low δ18O (definedas [(18O / 16Osample÷ 18O / 16OSTD)
− 1] in which the standard is Vienna standard mean ocean water;
VSMOW), in the mantle over long time spans, i.e., more than one billion
years after their subduction (e.g., Eiler, 2001; MacGregor and Manton,
1986; Ongley et al., 1987; Perkins et al., 2006; Zheng et al., 1998). Thus,
the oxygen isotope geochemistry of eclogites and related mafic rocks is
important for understanding melts and fluids derived from deeply
subducted oceanic crust. The δ18O values of mantle-derived (basalts and
gabbros) rocks not altered on the seafloor generally show a narrow
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range of ca. +5.7 ± 0.3‰ (Hoefs, 2009). If altered, they exhibit a much
wider range of ca. 3.6 to +12.7‰ (e.g., Alt et al., 1986; Kawahata et al.,
1987). Study of the oxygen isotope compositions of eclogites can help in
understanding the nature of the source-rocks (e.g., degrees of alteration
on the seafloor prior to subduction) and also the effects of prograde and
exhumation-related metamorphism. Most eclogitic rocks have δ18O
values equal to or higher than typical mantle values, reflecting the com-
bined effects of seafloor alteration and subduction zone metamorphism.
However, some ultrahigh-pressure (UHP) localities such as the Dabie–
Sulu in China (Fu et al., 2013; Yui et al., 1997; Zheng et al., 2003a,b) and
Kokchetav inKazakhstan (Masago et al., 2003) exhibit δ18O values consid-
erably lower than those typical of the mantle. In this study, we report a
third UHP locality (Himalayan eclogites in the Kaghan Valley) at which
eclogitic rocks have low, even negative, δ18O values. Our results
for these UHP eclogites, and their retrogressed counterparts (amphibo-
lites), are important for understanding themagmatic and early alteration
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history of these rocks and degrees of fluid–rock interaction during
subduction-related prograde and retrograde metamorphic processes.
2. Geological setting

The Himalayan metamorphic belt resulted from the collision of
Indian and Asian plates sandwiching the Kohistan–Ladakh island Arc
(KLA) (Fig. 1). It represents a classic example of a continent–continent
collision following the subduction of continental lithosphere to mantle
depths (N100 km) where the leading edge of India experienced UHP
metamorphism before multi-step exhumation (Kaneko et al., 2003;
O'Brien et al., 2001; Rehman et al., 2007; Tahirkheli et al., 1979; Wilke
et al., 2010a and references therein). The metamorphic rocks in the
Indian plate that are bound to the KLA in the north by the main mantle
thrust comprise the amphibolite to eclogite facies series, which belong
to the Higher Himalayan Crystalline (HHC), and the greenschist to
amphibolite facies series, which are attributed to the Lesser Himalayan
Sequence (Chaudhry and Ghazanfar, 1987; Greco et al., 1989).

Protoliths of the Himalayan eclogites and related mafic rocks are
generally considered as the Permo-Triassic Panjal Trap continental
flood basalts and their feeder dikes of the Gondwana affinity
(Honegger et al., 1982; Papritz and Rey, 1989). The age of emplacement
of these rocks is well constrained between 253 and 269 Ma based on
U–Pb dating of zircon, rutile and titanite (e.g., Parrish et al., 2006;
Rehman et al., 2013; Spencer and Gebauer, 1996; Wilke et al., 2010a).
However, their source rock characteristics are poorly known.Moreover,
after the break-up from Gondwana, the Indian plate drifted northward
for several thousand kilometers before colliding with Asia during the
Eocene, where a considerable portion of the Indian plate margin was
initially subducted beneath Asia (Guillot et al., 2003). Eclogite facies
metamorphism in the Kaghan Valley occurred at 45 Ma (U–Pb zircon,
rutile and titanite Kaneko et al., 2003; Parrish et al., 2006; Rehman
et al., 2013;Wilke et al., 2010a). During exhumation partial to complete
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amphibolitization of eclogites took place. This stage is dated at around
40 Ma based on 40Ar–39Ar dating of phengite and hornblende
(Chamberlain et al., 1991; Wilke et al., 2010a). Oxygen isotope analyses
of these UHP eclogites reveal information regarding magmatic source
rocks and paleo-environment and fluid–rock interactions during their
subduction and exhumation.

3. Sampling strategy and rock description

To understand the source rock characteristics and alteration at the
hand-sample scale, we obtained δ18O values for whole-rock samples
(referred as δ18Owr). In addition, to evaluate the effects of metamorphic
fluids on these rocks during peak (eclogite facies) and retrograde
(amphibolite facies) stages, we obtained δ18O values for peak eclogite
facies minerals and those typical of late-stage retrogression. The δ18O
values of individual minerals are referred as δ18Omin. Our study was
conducted at both the outcrop scale (single UHP eclogite body of
approximately 2 m in diameter) and the regional scale (one block of
amphibolitized eclogites and four blocks of eclogites spreading in an
area of about 10 km distance). Sample details are given in Table 1 and
their locations are shown in Fig. 2. For most of these samples,
thermobarometric information, whole rock major and trace element
compositions, whole rock and mineral 147Sm–143Nd and 176Lu–176Hf
isotopic data, and zircon U–Th–Pb ages have previously been reported
(Rehman et al., 2007, 2008, 2012, 2013). Mineral abbreviations used
throughout this study are after Whitney and Evans (2010) except
symplectites are abbreviated as “Sym”.

3.1. Amphibolitized eclogites

Two samples (Ph241 and Ph245) were collected from the heavily
amphibolitized eclogite body south of Besal (Fig. 2) where they appear
as small lenticular blocks or sheets within felsic/pelitic gneisses and
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Table 1
Oxygen isotope compositions of the selected whole-rock samples from the Himalayan metabasites.

Unit Location Latitude (N°)/
longitude (E°)

Sample No Rock type Mineral assemblagea δ18O
(‰)

δ17O
(‰)

Δ17OTSFL

(‰)b

Regional distribution
HHC South of Besal 35° 01′ 32.55″N 73°

56′ 24.17″E
Ph241 Amphibolite Amp + Grt + Qz + Bt + Zo + Chl ± Sym ± Rt ± Ttn ± Ap ± Opq 5.84 3.00 0.002
Ph245 ditto Amp + Grt + Qz + Bt + Zo + Chl ± Sym ± Rt ± Ttn ± Ap ± Opq 5.91 2.97 −0.072

East of Lulusar 35° 06′ 25.54″N 73°
58′ 36.88″E

Ph408 HP eclogite Grt + Omp + Amp + Zo + Qtz + Sym + Ph + Bt ± Rt ± Ttn ± Zrn ± Ap ± Opq 3.45 1.78 0.037
Ph409 ditto Grt + Omp + Amp + Zo + Qtz + Sym + Ph + Bt ± Rt ± Ttn ± Zrn ± Ap ± Opq 4.09 2.13 0.050
Ph410 ditto Grt + Omp + Qtz + Amp + Ph + Zo ± Rt ± Ttn ± Ap ± Zrn ± Opq 4.24 2.17 0.008

Northwest of Lulusar 35° 5′ 32.71″N 73°
53′ 38.28″E

Ph378 Amphibolitized eclogite Amp + Grt + Sym + Bt ± Cpx ± Qtz ± Rt ± Ttn ± Ap ± Zrn ± Opq 2.59 1.31 0.017
Ph380 HP eclogite Grt + Omp + Sym + Amp + Qtz + Rt + Ttn ± Ap ± Zrn ± Opq 1.80 0.90 0.017
Ph381 ditto Grt + Sym + Amp + Omp + Qtz + Ap ± Rt ± Bt ± Ttn ± Ap ± Zrn ± Opq 1.66 0.83 0.027

North of Lulusar 35° 05′ 44.71″N 73°
55′ 31.65″E

Ph449 UHP eclogite Grt + Omp + Qtz + Sym + Amp + Ph + Zo ± Rt ± Ttn ± Ap ± Zrn ± Opq 0.23 0.08 0.032
Ph450 ditto Grt + Sym + Amp + Omp + Qtz + Ph + Zo ± Rt ± Ttn ± Ap ± Zrn ± Opq 0.71 0.32 0.010
Ph456 ditto Grt + Omp + Qtz + Amp + Sym + Ph + Zo ± Rt ± Ttn ± Ap ± Zrn ± Opq 0.76 0.31 −0.021

West of Gittidas 35° 06′ 56.88″N 73°
58′ 06.91″E

Ph422 UHP eclogite Grt + Omp + Zo + Sym + Amp + Ph + Qtz ± Rt ± Ttn ± Ap ± Zrn ± Opq −2.05 −1.08 0.068
Ph423 ditto Grt + Omp + Zo + Ph + Sym + Amp + Qtz / Coe ± Rt ± Ttn ± Ap ± Zrn ± Opq −2.14 −1.16 0.042
Ph425 ditto Grt + Omp + Zo + Sym + Amp + Ph + Qtz / Coe + Rt + Ttn ± Ap ± Zrn ± Opq −2.07 −1.20 −0.036
Ph426 Amphibolitized eclogite Grt + Amp + Sym + Omp + Qtz ± Rt ± Ttn ± Ap ± Zrn ± Opq 0.94 0.43 0.001
Ph427 UHP felsic gneiss Pl + Qtz + Bt ± Zo ± Grt ± Rt ± Ttn ± Ap ± Aln ± Zrn ± Opq 4.58 2.39 0.048
Ph428 ditto Pl + Qtz + Bt ± Zo ± Grt ± Rt ± Ttn ± Ap ± Aln ± Zrn ± Opq 3.03 1.51 −0.010

Local distribution (within a single UHP eclogite unit)
HHC West of Gittidas Ph514 UHP eclogite Grt + Omp + Sym + Amp + Zo + Ph + Qtz / Coe + Rt + Ttn ± Ap ± Zrn ± Opq −2.09 −1.14 0.027

Ph513 ditto Grt + Omp + Sym + Amp + Ph + Qtz/Coe + Zo + Rt + Ttn ± Ap ± Zrn ± Opq −2.25 −1.21 0.040
Ph506 ditto Grt + Omp + Zo + Sym + Ph + Qtz / Coe + Amp ± Rt ± Ttn ± Ap ± Zrn ± Opq −1.44 −0.79 0.039
Ph507 ditto Grt + Omp + Zo + Sym + Amp + Ph + Qtz / Coe ± Rt ± Ttn ± Ap ± Zrn ± Opq −2.25 −1.22 0.037
Ph508 Amphibolitized eclogite Grt + Sym + Amp + Omp + Ph + Zo + Qtz ± Rt ± Ttn ± Ap ± Zrn ± Opq −0.11 −0.12 0.010
Ph509 Amphibolite Amp + Grt + Sym + Zo + Qtz ± Rt ± Ttn ± Ap ± Zrn ± Opq 0.12 0.04 0.042
Ph510 UHP felsic gneiss Pl + Qtz + Ph ± Amp ± Bt ± Zo ± Rt ± Ilm ± Ap ± Zrn ± Opq 4.01 2.05 0.010
Ph511 ditto Pl + Qtz + Ph ± Amp ± Bt ± Zo ± Rt ± Ilm ± Ap ± Zrn ± Opq 4.08 2.10 0.023

a Minerals shown in “bold type font” are in abundance.
b Δ17OTSFL = ln(δ17O + 0.07 × 10−3 + 1) − 0.527ln(δ18O + 1) defined by Tanaka and Nakamura (2013).
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metacarbonates. Petrographically, these rocks are composed mainly of
Amp and Grt with less Qz, Bt, Zo, Sym, Chl, Opq, and accessory Rt, Ttn
and Ap. Amphibole appears in two generations, as coarse-grained
porphyroblasts and in fine-grained albite–amphibole–quartz
symplectites “Sym” (Fig. 3a). Most garnets have Amp and Bt along
their rims. The symplectites, formed after omphacite, indicate that the
rocks were once eclogites. Peak pressure–temperature (P–T) conditions
for the amphibolites were estimated at 0.8 ± 0.1 GPa and 673 ± 55 °C
(Rehman et al., 2007).

3.2. Eclogites

The eclogites and their slightly retrograde equivalents occur as thin
sheets to massive bodies that are a few meters to a few tens of meters
thick and surrounded by felsic gneisses and metacarbonates. The
samples studied here are from four main locations (Fig. 2): east of
Lulusar (Ph408–410); northwest of Lulusar (Ph378, Ph380 and
Ph381); north of Lulusar (Ph449, Ph450 and Ph456) andwest of Gittidas
(Ph422, Ph423, Ph425 and Ph426). The former two locations are HP
eclogites (termed as Group I) whereas the latter two are UHP
(Group II) eclogites. All of these eclogites contain Grt, Omp, Amp, Qz,
Rt, Ttn, Ap and Zrn. Apart from Ph380 and Ph381 all contain Zo and
Ph. The degree of retrogression is reflected in the amount of Sym
(high in amphibolitized eclogite of Ph378 and low in UHP eclogite of
Ph425), Ttn replacing Rt and secondary Pl in Sym. Coesite relics, indicat-
ing UHP conditions, were previously documented for Group II eclogites
(Rehman et al., 2007). The eclogites show considerable ranges in their
concentrations of SiO2 (42–50 wt.%), Al2O3 (11–16 wt.%), TiO2

(2–5 wt.%), total FeO (13–19 wt.%) and Na2O (1.5–3.1 wt.%; Rehman
et al., 2008), even within a single boudin in which the variations are
believed to reflect primary magmatic signatures in the protoliths.

Relatively “fresh” eclogites of the Group I (Ph410; Fig. 3b) exhibit a
granoblastic texture of Grt and Omp with secondary Amp and
only minor replacement by Bt and Sym at the Grt-Omp contacts.
Similarly, sample Ph380 (collected from different block) is medium to
coarse-grained and contains abundant rounded to subrounded Grt
porphyroblasts, anhedral Omp rimmed by symplectitic Amp and
abundant Rt and Ttn (Fig. 3c). In sample Ph378, collected from the
amphibolitized margin of the same eclogite body, Omp is completely
replaced by Sym (Fig. 3d). In contrast, samples Ph423 and Ph425
(Group II) contain fresh Omp and Grt with only minor Sym (Fig. 3e).
Previous studies of the Group II eclogites (e.g., Kaneko et al., 2003;
O'Brien et al., 2001; Rehman et al., 2007; Wilke et al., 2010a,b) have
indicated minimum peak P–T conditions of 2.7 GPa (using Grt–Cpx–
Ph geobarometry of Waters and Martin, 1993) and 768 ± 46 °C
(based on the Fe–Mg exchange in Grt-Cpx; Powell, 1985, and the Grt–
Ph thermometry of Green and Helman, 1982) corresponding to condi-
tions at upper-mantle depths during deep continental subduction.

3.3. Felsic gneisses

Two felsic gneisses (Ph427 and Ph428) in contact with the UHP
eclogite were sampled west of Gittidas. These samples contained abun-
dant Qz with PL, Zo, Aln, Bt, Ph, Grt, Ttn and Zrn. Inclusions of coesite in
Zrn (Kaneko et al., 2003) confirm the UHP conditions experienced by
these rocks.

3.4. Detailed sampling of a singlem-scale UHP eclogite body and surrounding
rocks

To determine how fluid-driven retrograde metasomatism affects
oxygen isotope variability at the outcrop scale, samples were collected
west of Gittidas (Fig. 2) from a 2-m single UHP body and its surrounding
felsic gneisses. In this body, zoningwas observed outward from the core
of fresh eclogite to heavily retrogressed eclogite to amphibolite in
contact with felsic gneisses, and samples were collected considering
the core of the body as the least modified by retrograde fluid–rock
interactions.

4. Analytical procedure

Sample preparation and oxygen isotope analyses were carried out at
the Okayama University, Misasa, Japan. Whole-rock powders were
prepared from 2 mm-sized chips crushed in a steel jaw crusher. Fresh
pieces of the crushed rockwere handpicked andwashedwith deionized
water in an ultrasonic bath for 30 min, dried at 110 °C overnight, and
pulverized in a silicon nitride mortar. Mineral fractions were separated
from the sieved fraction (200 to 250 μm size), cleaned in an ultrasonic
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bath for 30min, and dried at 90 °C for aminimum of 24 h.Magnetic and
non-magneticmineralswere separatedwith a Franzmagnetic separator
and finally handpicked under a binocular microscope to avoid grains
with discernable mineral inclusions or alterations. Next, the separated
mineralswere allowed to reactwith 1MHCl for 2–4h to remove surface
contamination, washed with deionized water, and dried overnight at
110 °C.

Oxygen in the sample was extracted by laser fluorination method,
and the 17O/16O and 18O/16Oweremeasured on the dual inlet gas source
mass spectrometers using VG SIRA12 and Thermo MAT253. Details
regarding themass spectrometry performed by VG SIRA12 and Thermo
MAT253 were reported by Kusakabe et al. (2004) and Tanaka and
Nakamura (2013), respectively. The 17O/16O and 18O/16O of the
unknown sampleswere expressed by thedeviation of the isotopic ratios
relative to VSMOW as δ17O and δ18O, respectively. All the data are
plotted on the terrestrial silicate fractionation line defined by Tanaka
and Nakamura (2013) (definition is shown in footnote of Table 1).
The δ17O and δ18O values of the reference samples that were analyzed
by VG SIRA12 were +3.05 ± 0.08‰ and +5.99 ± 0.05‰ (n = 37,
1SD) for MSG-1 (Grt: an in house standard) and +2.89 ± 0.04‰
and +5.74 ± 0.08‰ (n = 14, 1SD) for UWG-2 (Grt standard), respec-
tively. The values obtained from Thermo MAT253 were +4.90 ±
0.05‰ and 9.43 ± 0.08‰ (n = 20, 1SD) for NBS-28 (Qz standard) and
+3.08 ± 0.05‰ and 6.00 ± 0.08‰ (n = 20, 1SD) for MSG-1,
respectively. To avoid cross-contamination and partial fluorination of
the plagioclase and whole rock powders (which are easily fluorinated
at room temperature), only one batch of these samples was installed
in a reaction chamber with the garnet standard (MSG-1) at a time,
then plagioclase or whole rock powder was first fluorinated in each re-
action chamber (see the detail of fluorination system in Tanaka and
Nakamura, 2013).

5. Results

The δ18Owr values for all samples are given in Table 1 and mineral
modal abundances for the representative samples that were analyzed
are shown in Fig. 4. The δ18O values of theminerals (δ18Omin) separated
from each rock are presented in Table 2, and the δ18O data on regional
and outcrop scales are summarized in Figs. 5 and 6, respectively.

For all whole-rock samples combined, the δ18Owr values vary from
−2.25‰ to +5.91‰. Analysis of the two heavily amphibolitized
eclogite samples (Ph241 and Ph245) yielded the highest δ18Owr values
of +5.84 and +5.91‰, respectively. The δ18Omin data for these two
samples show a narrow range scattered around the whole-rock
data (see Table 2 for details). The δ18Owr values of the HP eclogites
(Group I) range from+1.66 to +4.24‰. Eclogites from east of Lulusar
(Ph408–410) had higher (+3.45 to +4.24‰) values than those from
northwest of Lulusar (Ph378–381: +1.66 to +2.59‰). The δ18Omin
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data for these eclogites are also scattered in identical manner around
the δ18Owr values as shown in Table 2. The slightly higher δ18Owr values
in eclogites east of Lulusar (despite their less retrogressed nature)
compared with the same group of eclogites northwest of Lulusar
might indicate heterogeneous alteration of the protoliths.

The UHP eclogites (Group II) from two sampling locations have low
but different δ18O. Samples from the north of Lulusar (Ph449, Ph450 and
Ph456) have δ18Owr values of +0.23 to +0.76‰ whereas eclogite
sampled from west of Gittidas (Ph422, Ph423, Ph425, Ph506, Ph507,
Ph513, and Ph514) had δ18Owr values of −2.25 to −1.44‰. The
δ18Omin values of these eclogites, like the whole-rock data, are also
lower than the values obtained for other samples studied (Table 2).
However, the amphibolitized eclogite (Ph426) have values higher
than those of eclogites from the same locality. It is important to note
that felsic gneisses of UHP grade from the location west of Gittidas
(Ph427, Ph428, Ph510, and Ph511) also yielded δ18Owr values
between +4.58 and +3.03‰ that are lower than the values normally
reported for metasedimentary rocks (Hoefs, 2009; Kolodny and
Epstein, 1976).

For the single UHP eclogite body west of Gittidas, δ18Owr values of
−2.25 to −1.44‰ were obtained for the fresh eclogites (Ph506–507
and Ph513–514) and δ18Owr values of −0.11‰ and +0.12‰ were
obtained for the amphibolitized eclogite (Ph508) and amphibolite
(Ph409), respectively. In contrast, the felsic gneisses (Ph510 and
Ph511) have δ18O of +4.01 and +4.08‰, respectively. These rocks
show progressive increase in δ18Owr outward from the center of the
body (Fig. 6).

The two following distinct trends were observed in the analyzed
samples: (1) a step-wise increase in the δ18Owr values from UHP
eclogites to HP eclogites to amphibolites (Figs. 5) and (2) progressive
increase in δ18Owr values from the eclogites to the amphibolites at the
scale of the individual outcrop (Fig. 6).

The expected sequence of 18O enrichment in typical rock-
forming minerals, at thermodynamic equilibrium is: Qz N Ph N Omp N

Zo N Hbl N Chl N Grt N Ttn N Rt (Hoefs, 2009; Lacroix and Vennemann,
2013; Zheng et al., 2003c). For the eclogites, the sequence of 18O enrich-
ment in minerals followed this normal enrichment pattern (as shown
above). However, 18O enrichment in Amp (mineral related to post-
peak pressure metamorphic conditions) is sometimes greater than in
Omp (Ph380, Ph410, Ph423, and Ph425), similar to that in Omp
(Ph422), or smaller than that in the Grt (Ph381; see Table 2). For the
amphibolite samples Ph241 and Ph245, a normal enrichment pattern
of 18O was observed. It is important to note that a positive trend was
also obtained when the δ18O values of constituent minerals were
plotted against those of Qz (Fig. 7). The trend in δ18Omin values is similar
to that observed for whole-rock δ18O. In all the analyzed samples, δ18O
values of amphibole (secondary mineral) shift toward more positive
side (Fig. 7).

6. Oxygen isotope thermometry

The temperature dependence of oxygen isotope fractionation
between Qz and other mineral pairs (e.g., Grt, Omp, Zo, Ph, Amp, Ttn,
and Rt) has been presented by several authors based on theoretical
calculations, experimental measurements and empirical estimates
(e.g., Chacko et al., 1996; Zheng, 1999; Zheng et al., 2003c). The Zheng
(1999) calibrations are consistent with experimental and empirical
calibrations and yield reasonable temperatures for mineral pairs when
the minerals are at equilibrium.

In the amphibolite samples, fractionation of Qz with Zo, Amp, and
Grt yields temperatures of 584, 641 to 679 and 632 to 707 °C, respec-
tively (Table 2). The eclogite samples showaneven greater temperature
range (Fig. 8). For the preserved eclogite facies minerals, Ph, Omp and
Grt fractionation with Qz, yielded minimum and maximum tempera-
tures of 542 and 668 °C, 495 and 621 °C, and 569 and 668 °C, respec-
tively. Minerals that represented post-eclogite-peak retrogression
(e.g., Amp, Zo and Ttn) yielded both relatively high (Qz–Amp =
572–699 °C) and low temperatures (Qz–Zo = 516–523 °C, and
Ttn = 427–448 °C).

On an isotherm diagram of the oxygen isotope fractionations the
Qz–Grt and Qz–Amp in amphibolites (Ph241 and Ph245) plot on the
700 and 650 °C isotherms, respectively, suggest equilibrium among
these minerals at those temperatures (Fig. 8a). In contrast, Zo (plotting
away from the same isotherm) was likely not in equilibrium with Grt
and Amp. In Group I eclogites (east of Lulusar), the Qz–Grt and
Qz–Omp in sample Ph408 plot near the 600 °C isotherm but the
Qz–Amp plots farther away from that isotherm. In sample Ph410, the
Qz–Grt and Qz–Amp plot near the 600 °C isotherm. However, the
Qz–Omp pair plots farther away on a lower temperature isotherm
(Fig. 8b). Regarding the eclogites from northwest of Lulusar, the Qz
and other minerals (Fig. 8c) do not plot on the same temperature
isotherms, suggesting isotopic disequilibrium. For the UHP eclogites,
the Grt, Amp and Ph presented identical results when the Qz–minerals
data were plotted on the isothermal diagram, but the Qz–Omp pair did
not (Fig. 8d and e). In general, the calculated temperatures for most of
the Qz–mineral pairs in the eclogites and amphibolites show large
scatter indicating that the calculated temperatures are not geologically
meaningful.
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Table 2
The δ17O and δ18O values from minerals, the fractionation factors between quartz and other mineral phases, and the calculated temperatures.

Unit Lithology Sample no. Minerala Number of analyses O2 yield
(%)

δ18O
(‰)

δ17O
(‰)

Δ17OTSFL

(‰)
δ18Oqz–a
(‰)b

Temp.
(°C)c

SIRA12 MAT253

S of Besal Amphibolites Ph241 Qz 0 2 98 8.66 4.47 −0.009 –

Zo 0 2 97 5.50 2.81 −0.011 3.16 584
Amp 0 2 100 5.46 2.81 0.006 3.20 679
Grt 0 2 99 5.21 2.66 −0.011 3.45 707

Ph245 Qz 0 2 99 8.77 4.55 0.002 –

Amp 0 2 100 5.30 2.70 −0.020 3.47 641
Grt 0 2 100 4.73 2.42 −0.005 4.04 632

E of Lulusar HP eclogites Ph408 Qz 0 2 100 6.56 3.41 0.026 –

Omp 0 2 98 3.37 1.68 −0.023 3.20 575
Amp 0 2 94 2.82 1.41 −0.008 3.75 607
Grt 0 2 100 2.54 1.26 −0.003 4.03 634

Ph410 Qz 0 2 101 7.71 4.01 0.025 –

Omp 0 2 103 4.24 2.16 −0.003 3.47 541
Amp* 0 2 102 4.65 2.39 0.011 3.07 699
Grt 0 2 99 3.54 1.79 −0.002 4.17 618
Ttn 0 2 101 0.10 −0.04 −0.025 7.61 427
Rt 0 1 101 −0.38 −0.31 −0.042 8.09 460

NW of Lulusar HP eclogites Ph380 Qz 0 3 99 5.10 2.63 0.018 –

Omp 0 2 103 1.99 0.97 −0.013 3.11 587
Amp* 2 0 103 2.03 0.93 −0.065 3.07 699
Grt 2 0 93 1.36 0.70 0.054 3.73 668
Ttn 0 1 97 −2.22 −1.22 0.016 7.32 441

Ph381 Qz 0 2 99 5.37 2.77 0.012 –

Omp 2 0 96 1.92 0.91 −0.034 3.44 544
Amp* 2 0 90 1.31 0.67 0.053 4.06 572
Grt 3 2 97 1.54 0.77 0.027 3.83 657

N of Lulusar UHP eclogites Ph449 Qz 0 2 100 3.07 1.57 0.020 –

Omp 0 3 100 −0.03 −0.07 0.018 3.11 587
Grt 0 2 98 −0.91 −0.53 0.016 3.98 639
Rt 0 2 103 −4.30 −2.34 0.001 7.37 495

Ph456 Qz 0 1 96 4.63 2.33 −0.044 –

Omp 0 2 103 0.73 0.35 0.032 3.90 495
Amp 0 2 100 0.40 0.15 0.006 4.23 555
Grt 0 2 101 0.20 0.03 −0.006 4.43 591
Rt 0 2 93 −3.34 −1.83 0.005 7.97 466

W of Gittidas UHP eclogites Ph422 Qz 0 3 100 1.11 0.55 0.034 –

Ph 2 0 92 −1.43 −0.79 0.041 2.54 608
Omp 2 0 99 −2.37 −1.32 −0.002 3.48 540
Zo 2 0 93 −2.55 −1.43 −0.013 3.65 524
Amp* 2 0 95 −2.37 −1.31 0.015 3.48 640
Grt 3 1 97 −2.75 −1.50 0.018 3.86 653
Rt 0 2 98 −6.42 −3.47 −0.006 7.53 487

Ph423 Qz 0 2 100 1.28 0.63 0.023 –

Ph 2 0 94 −1.69 −0.96 0.000 2.96 542
Omp 2 0 100 −2.17 −1.18 0.030 3.45 544
Zo 2 0 100 −2.45 −1.35 0.013 3.73 516
Amp* 2 0 92 −1.98 −1.06 0.052 3.26 670
Grt 4 0 95 −2.80 −1.55 0.000 4.08 628
Ttn 0 2 97 −5.90 −3.20 −0.013 7.18 448
Rt 0 2 96 −6.35 −3.42 −0.002 7.63 482

Ph425 Qz 0 2 100 1.14 0.55 0.023 –

Ph 2 0 97 −1.09 −0.70 −0.058 2.23 668
Omp 2 0 103 −2.15 −1.26 −0.056 3.29 563
Zo 2 0 97 −2.52 −1.43 −0.025 3.66 523
Amp* 2 0 96 −2.00 −1.10 0.019 3.13 689
Grt 4 0 97 −2.80 −1.57 −0.026 3.94 644
Rt 0 2 102 −6.55 −3.52 0.005 7.69 479

Ph426 Qz 0 3 100 4.13 2.13 0.020 –

Omp 0 2 100 1.26 0.59 −0.003 2.88 621
Grt 0 2 99 −0.54 −0.32 0.030 4.67 569

UHP felsic gneisses Ph427 Qz 0 2 96 3.61 1.85 0.018 –

Bi 0 2 96 0.52 0.20 −0.008 3.09
Zo 0 2 103 0.79 0.34 −0.004 2.82 634
Pl 0 2 98 4.37 2.21 −0.017 –0.76

Ph428 Qz 0 3 98 2.89 1.48 0.024 –

Pl 0 2 100 2.51 1.27 0.016 0.39
Ph 0 2 101 1.60 0.77 −0.001 1.29 962
Bi 0 2 93 0.16 0.03 0.009 2.73
Ilm 0 1 101 −5.96 −3.20 0.018 8.85

a Amp marked with an asterisk have an abnormal sequence of δ18O enrichment.
b The δ18O value of quartz minus that of the mineral in the same sample.
c Temperature values were calculated according to Zheng et al. (2003c).
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7. Discussion

For basalts, the δ18Owr values of +5.7 ± 0.3‰ (Hoefs, 2009) repre-
sent the unaltered mantle source, and most mantle-derived rocks
have δ18O values in the range of +3.6 to 8.7‰ (Bindeman, 2008; Eiler
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Fig. 6. (a) View of the single UHP eclogite outcrop showing the zoned texture with
unaltered and homogeneous core (granular) which progressively grades into
amphibolitized parts (fine-grained) toward outermargin. (b) Variation in the δ18O values
with distance (m) across the body. The core of eclogite body (zone between sample Ph507
and Ph514) yielded the lowest δ18O values, which indicated the least modified by retro-
gression. Sample Ph506 is located at the interior but yielded higher δ18O values relative
to nearby samples. This possibly resulted from a higher degree of retrogression as evi-
denced by the higher modal abundance of Zo in this sample. The δ18O values in samples
Ph508 and Ph509 display gradual increase with distance from the center of the eclogite
body.

in eclogites for each location. The abbreviations used in the figure are SB: south of Besal,
EL: east of Lulusar, NWL: northwest of Lulusar, NL: north of Lulusar, and WG: west of
Gittidas.
et al., 1998, 2000; Garlick, 1966; Gautason and Muehlenbachs, 1998;
Harmon and Hoefs, 1995; Hartley et al., 2013; Mattey et al., 1994;
Muehlenbachs, 1998; Muehlenbachs and Clayton, 1972; Taylor, 1968;
Taylor and Epstein, 1962). In contrast, a much wider range of δ18O
values is observed in seafloor-altered basalt and gabbroic rocks
(i.e., 3.6 to +12.7‰, Alt et al., 1986; Kawahata et al., 1987),
metasedimentary rocks (3.6 to+12.7‰, Alt et al., 1986), and carbonate
and pelagic rocks (+20 to +25‰, Hoefs, 2009; Kolodny and Epstein,
1976; Hoefs, 2009). This wide range of δ18O values is interpreted as
the interaction of surface waters in the Earth's rock cycle (Clayton and
Mayeda, 1996). For example, the hydrothermal alteration of oceanic
rocks through seawater interaction is an important mechanism for in-
troducing 18O-enrichedmaterials into themantle during the subduction
process (Eiler et al., 1998). Oxygen isotope compositions of eclogites
from various metamorphic terranes show that the δ18Owr values are
typically either similar to or greater than the mantle values
(e.g., Agrinier et al., 1985; Barnicoat and Cartwright, 1997; Jacob,
2004; Wyck et al., 1996; Fig. 9). However, there are several localities
where the UHP eclogites have δ18Owr values significantly lower than
the typical mantle range (e.g., Dabie–Sulu in Chinawith negative values
as low as −11‰; Fu et al., 2013; Yui et al., 1997; Zheng et al., 2003a,
2003b; Kokchetav in Kazakhstan with values as low as −4.2‰;
Masago et al., 2003). These negative δ18Owr values have been attributed
to ancient meteoric water–rock interactions prior to subduction and
resulting UHP metamorphism (Masago et al., 2003; Yui et al., 1995;
Zheng et al., 2003c and references therein). In the Sulu region, the low-
est reported δ18O values have been interpreted as reflecting the “Snow-
ball Earth” global glacial event that occurred during the Neoproterozoic
ca. 720–635 Ma (Rumble and Yui, 1998; Rumble et al., 2002; Yui et al.,
1995, 1997; Zheng et al., 1998, 2002, 2003b). However, the “Snowball
Earth” hypothesis in the Neoproterozoic has recently been disputed
because negative δ18O values were discovered for rocks representing
N740 Ma and across a much wider area in the Tongbai–Dabie–Sulu
Neoproterozoic igneous province in eastern China (e.g., Chen et al.,
2011; Fu et al., 2013; Wang et al., 2011). The samples analyzed in our
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study show a range of δ18Owr values (−2.25‰ to +5.91‰) equal to or
lower than the typical mantle values (Fig. 9). These lowered, even neg-
ative, δ18O values require explanation and the most likely scenario for
leading to such shifts involves interaction of rocks over a range of tem-
peratures with meteoric water, glacial meltwater or low δ18O seawater.
The negative δ18Owr values in the Himalayan UHP eclogites and the two
distinct trends, (1) a step-wise increase in δ18O values from UHP
eclogites to HP eclogites to amphibolites (regional scale) and (2) pro-
gressively increasing δ18O values from eclogites to amphibolites on
local scale (single outcrop), suggest that either the rocks formed from
a low δ18O source or they acquired negative δ18O values after emplace-
ment. If we assume that the rocks had a low δ18O source then do all of
the analyzed samples not have similar values, given their similar
protoliths? Also, when and by what process was δ18Owr systematically
increased? The discussion below provides a plausible explanation.

7.1. 18O-depleted magma source

The magma source for the Permian Panjal Traps (protolith of the
Kaghan Valley eclogites) could perhaps have been 18O-depleted.
However, the low δ18O values in the felsic gneisses (this study) and
metacarbonates (Spencer, 1993) argue against the argument of the
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18O-depletedmagma source to explain the low δ18O eclogites and point
to a different scenario. There are several examples of basaltic rockswith
possible 18O-depleted magma sources, including the Icelandic basalts
(Hattori and Muehlenbachs, 1982), Yellowstone volcanics (Bindeman
and Valley, 2001; Bindeman et al., 2008), eastern China UHP rocks (Fu
et al., 2013; Rumble et al., 2002; Wei et al., 2008; Zheng et al., 1998)
and mafic dykes of the Koegel Fontein Complex, South Africa (Curtis
et al., 2013). Iceland is a high latitude example where basaltic rocks
have δ18O values as low as −10‰ (Hattori and Muehlenbachs, 1982).
Hartley et al. (2013) concluded that the negative δ18O values in
Icelandic basalts resulted from the hydrothermal alteration of the
rocks due to the percolation of surface waters that originated from
18O-depleted precipitation. In contrast, mafic dykes of the Koegel
Fontein Complex yielding low or negative δ18O values (down to
−2‰) were attributed to an 18O-depleted magma source in which the
low δ18O values resulted from themeteoric water–rock interaction dur-
ing Pan-African (i.e. when South Africa was at southern high latitudes)
rifting (Curtis et al., 2013). Bindeman and Valley (2001) and
Bindeman et al. (2008) proposed partial melting of hydrothermally
altered material from an earlier stage of volcanism for the low or nega-
tive δ18O magma source for some of these locations. For eastern China
rocks, a possible reason for the low or negative δ18O values is the assim-
ilation of crust with low δ18O (e.g. Fu et al., 2013; Rumble et al., 2002;
Wang et al., 2011; Zheng et al., 1998). We propose a scenario in which
meteoric water–rock interaction lowered δ18O values of not only
eclogites, but also the surrounding felsic gneisses and metacarbonates,
the alteration of the latter two rock types arguing against the derivation
of the low δ18O of the basalts by inheritance from their magmatic
source.

7.2. Hydrothermal alteration of the protolith

It is most likely that the protolith rocks (Permian Panjal Trap
magmatism) of the Himalayan eclogites were hydrothermally altered
after their emplacement. Paleomagnetic data and stratigraphic evidence
suggest that the Indian plate was in contact with Africa, Australia and
Antarctica (Gondwana continent) until the Cretaceous period (Acton,
1999; Klootwijk et al., 1992). During the Permian, India was located at
southern high latitudes of ~60°S (Scotese, 1984) for the time period
when the protoliths of the eclogites formed (U–Pb zircon protolith
age; Rehman et al., 2013). Because of their position at high latitude,
and the related cold climate, the rocks could have interacted with low
δ18O meteoric water during hydrothermal alteration at high tempera-
ture conditions at shallow levels. Glacial ice caps and cold environments
have been reported for the Permo-Triassic period on the Indian plate
(Scotese, 1984; Scotese Paleomap Project: http://www.scotese.com/
earth.htm) and were confirmed through study of brachiopods
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recovered from the Permian sedimentary deposits of Sydney and Tas-
mania, the latter which were located in the east but at similar southern
latitudes (Mii et al., 2012). In addition, the presence of glacial tillites in
Australia and Siberia indicates a drop in sea levels during and/or at the
end of the Permian (Mii et al., 2012), producing glaciers in the southern
polar areas in Gondwana potentially provided a source for 18O-depleted
waters. These lines of evidence strongly support our interpretation of
the unusual δ18O values in the eclogites. Moreover, the presence of
tuffaceous material (Honegger et al., 1982; Shellnutt et al., 2012 and
references therein) and the absence of pillow lavas in the Panjal Traps
indicate subaerial conditions. If the climate was cold, it is likely that
the water/ice–rock interaction with the protolith rocks would have
lowered the rock δ18O values. The rocks overlying and in contact with
these eclogites are felsic gneisses which also have low δ18O values
(ca. +3.03 to +4.58‰), lower than those commonly found in most
sedimentary rocks (e.g., +12 to +20‰; Hoefs, 2009; Kolodny and
Epstein, 1976). These lower values in felsic gneisses further support
our notion that the low δ18O values is a regional tendency which does
not depend on the type of protolith. The δ18O of the altered basalt also
depends on water/rock ratio during hydrothermal alternation. The
degree of alteration which depends on different water/rock ratios,
however, is heterogeneous even on the metric scale (Rumble and Yui,
1998; Zheng et al., 1998). If the degree of alteration of the protolith
was significantly high and different in various eclogite blocks, this
could be reflected through other geochemical tracers as well
(e.g., major and trace elements)which is not. The chemical composition
ofwhole-rock (regardless of different sampling points) shows thatmost
of the eclogites and amphibolitized eclogites havemore or less identical
chemistry with minor local variations except two samples (Ph380 and
Ph381which have slightly higher Fe–Ti, REE and HFS element contents;
see Table 2 in Rehman et al., 2008). Thus, it is unlikely that the regional-
scale low δ18O tendency was attributed to the high water/rock ratio in
low to middle latitude. Seawater–rock interaction could be an
alternate source for the low δ18O values in the Himalayan metabasites.
The δ18O value of seawater is one of the most controversial issues in
paleoceanography (e.g. Veizer et al., 1999). According to the current
knowledge, it is estimated as the δ18O values of Permian seawater
should be between 0 and −5‰ (Ivany and Runnegar, 2010; Veizer
et al., 1999). Even if the δ18O values of paleoseawater is estimated to
be −5‰, the δ18O of the hydrothermally altered basalt caused by the
interaction with seawater-derived fluid can change down to ~0‰ at
least (Kawahata et al., 1987).

In contrast, the progressive increase in δ18O values from UHP
eclogites toward amphibolites indicates the effects of late-stage retro-
gression. If the mafic rocks were subducted to mantle depth (UHP
stage) within a relatively closed system (with little or no hydration or
influx from crustal rocks at such greater depths), they could have
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retained their protolithic low δ18O acquired by surface/near-surface
hydrothermal alteration. These low δ18O values could have been largely
unmodified by prograde metamorphism, the latter which is generally
unable to lower δ18O values by more than 1 to 2‰ (Polyakov and
Kharlashina, 1994; Valley, 1986, 2003). However, in contrast, during
the exhumation-related retrogression, involving externally derived
metamorphic fluids, at low temperatures, could have been capable of
producing increase in the δ18O values. The rocks that experienced UHP
metamorphismbut smaller degrees of retrogression retained the lowest
δ18Owr values and the rocks exposed to a higher degree of retrogression
(amphibolitized eclogites ➔ amphibolites) have progressively higher
δ18Owr. The δ18O values of meteoric water in Iceland (a modern high-
latitude volcanic environment in which basaltic rocks are subaerially
altered) are consistently low (−13 to−10‰), as are the hydrothermally
altered rocks (−7.7 ± 2.4‰) through which they percolate (Hattori
and Muehlenbachs, 1982). Importantly, the high latitude of Iceland
(~60°N) and its cold climate control its oxygen isotope distribution.
The paleo-plate reconstructions, based on the models of Scotese
(1984), place the Indian plate at the time of Panjal Trap volcanism at
southern high latitudes (~60°S; Fig. 10). This geographic location
provides ideal conditions for the availability of meteoric waters with
highly negative δ18O to hydrothermally alter the Panjal Trap basalts
and nearby rocks.

7.3. Effect of prograde metamorphism

Prograde metamorphism and dehydration reactions could have
depleted the δ18O values in the Himalayan metabasites. However, it is
unlikely that this depletion significantly changes the oxygen isotope
compositions of the rocks because the effects of dehydration on δ18O
are small (b1‰; Valley, 1986). An influx of fluid from the surrounding
felsic gneisses and metacarbonates, at or near peak metamorphic P–T,
would have led to increase in the δ18O values in the metabasites.
However, the metabasites best preserving peak metamorphic mineral
assemblages tend not to be shifted to higher δ18O values relative to
mantle values (N+5.7‰) and in fact have considerably lower δ18O.
Thus, we believe that the strongly negative δ18Owr values of the Kaghan
rocks, and the normal enrichment pattern of 18O in theminerals that are
stable at the eclogite facies stage, indicate 18O-depletion that occurred
prior to subduction andwaspreservedduringprogrademetamorphism.

7.4. Resetting of the δ18O by late-stage retrogression

The δ18O values in metamorphic rocks can increase relative to their
magmatic protoliths and high P–T grade counterparts during cooling
and/or retrograde metamorphism (Muehlenbachs, 1998). However,
increases or decreases in the δ18O values depend on the source of the
hydrothermal fluids during retrogression. The δ18Owr values in the
Kaghan Valley metabasites are lower in high-grade rocks and increase
step-wise with increasing retrogression. These findings suggest greater
interaction of these retrogressed rocks during cooling with 18O-rich
fluids that were available during retrogression. A similar pattern of
increasing δ18O values was observed on a local scale within a single
UHP eclogite body. Lower or negative δ18Owr values were preserved in
the core of the eclogite body (unaltered central part) and progressively
increased toward its outer margin. Thus, exhumation-related retrogres-
sion directly influenced the δ18O values. A higher degree of retrogres-
sion and a higher rate of external fluid interaction with the rocks
potentially resulted in the trend of increase in δ18O. These findings
imply that the lower δ18O values were produced in the protolith rocks
before their subduction. As these rocks were returning to the surface,
isotopic exchange with the surrounding metasedimentary rocks,
presumably via metamorphic fluids, resulted in higher δ18O values.
We conclude that the protoliths of theHimalayan eclogites were hydro-
thermally altered by meteoric water, then metamorphosed to UHP
conditions largely as closed system. Some of the eclogites (least
retrogressed) retained their oxygen isotope compositions during both
subduction and exhumation,whereas, other eclogites (slightly to highly
amphibolitized) were altered by the infiltration of 18O-rich fluids from
the surrounding felsic and hydrous low-grade rocks. These results are
consistent with the petrographic observations recorded in the Nepal
Himalayas during late-stage retrogression (Kaneko, 1997). Similarly,
fluid-infiltration from hydrous low-grade rocks into anhydrous high-
grade UHP–HP rocks was observed in Kokchetav area by Terabayashi
et al. (2002) and Masago et al. (2010).
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