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Fluid evolution from metamorphic peak to exhumation in Himalayan
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Abstract: A fluid inclusion study has been carried out on granulitised eclogites and associated amphibolite-facies veins from the
eastern Himalaya (Ama Drime range, southern Tibet) in order to better characterise the fluid evolution of continental crust involved
in Cenozoic subduction and continent-continent collision processes.

Six distinct events of fluid influx have been characterised on the basis of petrographic observations and microthermometric
measurements: 1) a high-density - medium-salinity aqueous fluid with CO,, trapped at the eclogitic peak (metamorphic stage M1);
2) pure CO,, present at the granulitic stage M2; 3) a low-salinity — low-density aqueous fluid with minor CO; in equilibrium with
amphibole-bearing LP-M/HT mineral assemblage (stage M4); 4) a low-density aqueo-carbonic fluid responsible of vein formation
(stage M5); 5) a subsequent influx of a low-density CO,-rich fluid; 6) a late influx of very-low salinity aqueous fluid.

Comparing these data with those obtained from other localities of the Himalayas and from other collisional orogens, an internal
origin is proposed for eclogitic and granulitic fluids, whereas an origin from the underlying metasediments of the Lesser Himalaya

is suggested for the subsequent types of fluid, safe for the meteoric origin proposed for the latest fluid influx.

Key-words: fluid inclusion study, microthermometry, eclogite, vein, Himalaya.

Introduction

The Himalaya is the most promising orogen to study Ceno-
zoic continent-continent collision processes and, also, to
characterise the nature and evolution of metamorphic flu-
ids during subduction and exhumation of continental crust.
Fluid inclusion data have been previously collected to con-
strain the late exhumation history of the Himalayan units
close to their main tectonic contacts. In particular, a fluid
evolution characterised by influx of mixed CO,-H,O at
amphibolite-facies conditions and of H,O-NaCl fluids dur-
ing greenschist-facies retrogression has been reported in
rocks and veins across the Main Central Thrust in cen-
tral Himalaya (Leroy et al., 1975; Pécher, 1978; Sauniac &
Touret, 1983; Craw, 1990; Boullier et al., 1991; Morrison
& Oliver, 1993; Sachan et al., 2001; Carosi et al., 2005).
A low-salinity aqueous fluid trapped at greenschist-facies
conditions was also reported in quartz veins cross-cutting
blueschist rocks from the Shergol Ophiolitic Melange of
the W Himalaya (Sachan & Mukherjee, 2001).

Other fluid inclusion data have been collected on segre-
gations and veins from the western Nanga Parbat syntaxis
(e.g. Poage et al., 2000) and the eastern Namche Barwa
syntaxis (Craw et al., 2005), in order to relate the fluid in-
flux during their rapid uplift with surface springs originated
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from the thermal anomaly. These data indicate that, during
uplift, the late CO,-rich metamorphic fluids were diluted at
shallow levels by influx of surface water. Significant differ-
ences on the nature and evolution of late fluids have been
observed between Nanga Parbat and Namche Barwa (Craw
et al., 2005). Convincing evidence for fluid immiscibility
in the upper 6 km of the crust, including boiling water at
shallow levels (>3 km), has been reported in both syntaxes
(Craw et al., 1994; 1997; 2005; Winslow et al., 1994).

Investigations on fluid inclusions trapped during subduc-
tion of continental crust and Himalayan metamorphism un-
der high pressure (HP) conditions are still few. In fact, the
only data available are from eclogites of the Tso-Morari
Dome (NW Himalaya), where the fluid at 530-580 °C and
1.1-1.4 GPa is a moderate-salinity (11-13 wt % NaClq)
aqueous fluid (Sachan et al., 1999).

A recent paper (Groppo et al., 2007) describes in detail
the metamorphic evolution of the only eclogites found so
far in the eastern Himalaya (Ama Drime range, the Kharta
region of Southern Tibet). In contrast to the Tso-Morari
eclogites, those from the Ama Drime range did not ex-
perience ultra-high pressure (UHP) metamorphism and are
characterised by a strong granulite-facies overprint.

Eclogites are very few in the Himalayas, and those of the
Ama Drime range link rapid uplift from great depths to a
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Fig. 1. Geological sketch map of the Himalaya and southern Tibetan Plateau (modified after Dietrich & Gansser, 1981). The Ama Drime

range and Kharta region are shown in the box.

well constrained P-T path and good preservation of meta-
morphic fluids, making therefore highly advisable to study
their fluid evolution.

In this paper we report the results of a fluid inclusion
study on these granulitised eclogites and on an associated
vein. The evolution of the fluid phase is discussed in re-
lation to the P-T path and some speculation on the origin
of the trapped fluids is also proposed. Three samples have
been chosen for study because they are scarcely involved
in the late stages of metamorphic evolution and preserve
relics of eclogitic and granulitic fluids. To our knowledge,
this is the first report on the nature and evolution of the fluid
phase in Himalayan rocks from their HP metamorphic peak
to the end of their exhumation path.

Geological setting

The Himalayan orogen is comprised of a number of E-
W-trending lithotectonic units, separated by large-scale
thrust systems dipping to the north (Fig. 1). From south
to north, these units in Nepal are: the molasse sediments
of the Sub-Himalaya, the Lesser Himalayan Zone, the
Greater Himalayan Sequence (GHS), and the Tethyan Sed-
imentary Series (Upreti, 1999). The non-metamorphic to
amphibolite-facies Lesser Himalayan Zone is separated
from the molasse sediments by the Main Boundary Thrust
(MBT) and from the high-grade metamorphic rocks of the
GHS by the Main Central Thrust (MCT). The GHS is sepa-
rated from the anchimetamorphic sedimentary rocks of the

structurally higher Tethyan Sedimentary Sequence by the
South Tibetan Detachment System (STDS; Fig. 1).

The studied samples occur at the northern end of the Arun
Tectonic Window (ATW) in the Ama Drime range, a N-S
trending ridge, 60 km long, lying to the east of the Phung
Chu (upper Arun River) (Fig. 2). The ATW is the core of
an arch-like structure of regional extent (“Trans-anticlinal
de I’Arun”; Bordet, 1961) deflecting to the north the E-W
trend of the north-dipping lithotectonic contacts, and ex-
tending from the lower Arun valley in east Nepal to the
northern end of the Ama Drime range in southern Tibet
(Fig. 2). From south to north the ATW shows a complete
section of the Himalayan tectonic units, from the Lesser
Himalayan Tumlingtar Unit (a thick sequence of Precam-
brian phyllites and quartzites with subordinated amounts of
carbonatic phyllites and dolomite marbles; Meier & Hilt-
ner, 1993) at the bottom, to the granulite-facies GHS of the
upper Phung Chu and the Tethyan Sedimentary Series at
the top (Fig. 2).

North of Tumlingtar and structurally upward, the low-
grade Lesser Himalayan metasediments of the Tum-
lingtar Unit are separated by thrust sheets and ductile
shear zones (the Main Central Thrust I according to
the nomenclature of Arita, 1983) from the Khandbari
and Num orthogneisses (Brunel, 1983; Lombardo et al.,
1993) and from metapelitic rocks showing a distinctly
higher metamorphic grade (amphibolite-facies) relative
to the Tumlingtar Unit (Milke Gneiss; Andrews, 1985).
The amphibolite-facies orthogneisses and metapelites are
hereby called Lesser Himalayan Crystalline Sequence
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Fig. 2. Geological sketch map of the Kharta region and upper to middle Arun (Phung Chu) drainage, modified after Groppo et al. (2007).

The map was compiled from the maps of Yin & Kuo (1978), Brunel

(1983), Burg (1983), Lombardo et al. (1993), Bureau of Geology

and Mineral Resources of Xizang Autonomous Region (1993), Carosi et al. (1998), Zhang & Guo (2007). Thick barbed lines are the Main
Central Thrust I and II, thin barbed line is the South Tibetan Detachment System, solid lines are faults. Grey dashed line is the approximate
political boundary between Nepal (to the south) and China (to the north).

(LHCS, Fig. 2), as is done in western—central Nepal for
similar sequences (Upreti, 1999) and further west in the
Sutlej Valley of Himachal Pradesh, India (Vannay et al.,
2004 and references therein). As is well displayed in the
Num-Makalu section, metasedimentary and metagranitic
thrust sheets with amphibolites (the Main Central Thrust IT
according to the nomenclature of Arita, 1983) separate the
Num Orthogneiss of the LHCS from the overlying Barun
Gneiss, the structurally lower unit of the GHS (Bordet,
1961; Brunel, 1983; Lombardo et al., 1993; Goscombe &
Hand, 2000).

North of the Nepal-China border, lithologies very sim-
ilar to the Barun Gneiss are well exposed west of the
Phung Chu in the Kharta region (Kharta Gneiss Com-
plex of Borghi et al., 2003). The Kharta Gneiss Com-
plex consists of migmatitic garnet-bearing metapelites,
with minor metabasites and calc-silicate rocks, equilibrated
in granulite- to upper amphibolite-facies that host bod-

ies of migmatitic, sillimanite- and cordierite-bearing or-
thogneiss. Migmatites are especially well developed in
the lower Kharta valley and along the W side of the
Phung Chu valley, where several generations of leuco-
somes are conspicuous and range in morphology from con-
cordant leucogranitic orthogneiss containing garnet and
prismatic sillimanite after kyanite, to discordant cordierite-
bearing leucogranite veins and pods. Both the concordant
leucogranitic orthogneiss and the discordant leucogranite
veins are crosscut by Miocene leucogranite dykes (Visona
& Lombardo, 2002). Westward, in the upper Rongbuk val-
ley, and northward, in the Dzakar Chu gorge, the GHS
is bounded at the top by the extensional ductile to brittle
shear zones of the STDS (Burg et al., 1984; Burchfiel et al.,
1992; Carosi et al., 1998; Cottle et al., 2000).

Networks of dykes, sheet-like bodies and large laccolithic
plutons of leucogranite occur in the GHS of the Phung Chu,
upper Kama and Kharta Valleys, as well as in the North
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Fig. 3. (a) Eclogite boudins within granitic gneiss. View looking north. Field of view about 40 m. Tanghyu Valley, Kharta Region. (b) Detail
of an eclogite boudin within migmatitic orthogneiss. Tanghyu Valley, Kharta Region.

Col Formation, the lowest portion of the Tethyan Sedimen-
tary Series (Visona & Lombardo, 2002). The granite plu-
tons reach a thickness of 1-2 km in the Makalu massif and
are composed of two-mica granite intruded by tourmaline
granite. The generation and cooling of leucogranites in the
Everest-Makalu region fall in the Early-Middle Miocene,
between 24 and 16 Ma (Ferrara et al., 1983; Schirer, 1984;
Schiérer et al., 1986; Hodges et al., 1998; Murphy & Har-
rison, 1999; Simpson et al., 2000). Younger U-Th-Pb ages
(12.4-12.8 Ma) were measured by Liu ez al.(2007) on mon-
azites from the granite body at Tongmen in the lower Dza-
kar Chu valley, close to the STD separating the GHS from
the overlying North Col Formation.

East of the Phung Chu, i.e. in the western side of the Ama
Drime range the high-grade rocks of the Kharta Gneiss
Complex are separated from the underlying granitic or-
thogneisses by a north-trending belt of thrust sheets of
granitic orthogneiss with garnet amphibolite, quartzite and
mylonitic marble (Lombardo et al., 1998; Lombardo &
Rolfo, 2000). This geological setting is similar to the tec-
tonic sequence observed north of Seduwa in the core of
the ATW (Bordet, 1961; Lombardo et al., 1993), where
metasedimentary and metagranitic thrust sheets with am-
phibolites separate the granitic Num Orthogneiss belong-
ing to the LHCS from the overlying Barun Gneiss, the
basal unit of the GHS that is lithologically identical with
the Kharta Gneiss Complex. This suggests that the Ama
Drime orthogneiss may be homologous to the Num Or-
thogneiss and as such may belong to the LHCS rather than
to the GHS. Irrespective of its interpretation as a thrust
(Liu et al., 2007; Groppo et al., 2007) or as detachment
(as argued by Cottle et al., 2006) the shear zone bounding
the Ama Drime orthogneiss to the west is a major litho-
tectonic break, as indicated by the difference in eyg and
Sm/Nd model ages of Tertiary leucogranites and country
rocks (Visona et al., 2000; Liu et al., 2007). Model ages
average 2.0 Ga in the GHS leucogranites and 2.9 Ga in
the leucogranites hosted in the thrust sheets and further
downsection in the granitic orthogneiss of the Ama Drime
range. Such model ages are consistent with those deter-
mined by Robinson et al. (2001) on paragneisses from
the base of the GHS and from granitic orthogneisses of
the Lesser Himalayan Zone in eastern Nepal, which aver-
age 2.0 and 2.5 Ga, respectively. eng values are likewise

distinctly lower in sillimanite gneiss of the Ama Drime rel-
ative to garnet-sillimanite gneiss and granite of the GHS
(Liu et al., 2007).

The granulitised eclogites occur as both boudinaged
dykes and small bodies of basaltic composition within the
granitic orthogneisses. They were found during the 1997
field season in outcrops southeast of Kharta, along the east-
ern side of the Phung Chu valley (Lombardo et al., 1998).
In the 1999 and 2002 field seasons, eclogites were found
also in the east-west-trending valleys leading from the
Phung Chu towards the interior of the Ama Drime range,
in particular, in the Belung and Tanghyu Valleys (Fig. 2).
Granulitised eclogites identical to those of the W side were
described by Liu ef al. (2005) on the eastern side of the
Ama Drime range from N of Dinggye to W of Riwu.

In the studied outcrops, the granulitised eclogites are
hosted within granitic orthogneisses, locally migmatitic,
mainly consisting of K-feldspar, plagioclase, quartz and
biotite (Fig. 3), with layers and intercalations of garnet-
sillimanite-biotite gneisses and restitic garnet-biotite-
sillimanite-gedrite-cordierite schists. Cottle er al. (2006)
report 2%8Pb/22Th ages of 12.7 + 0.8 Ma for monazite
from leucosome and melanosome of a host migmatitic
gneiss, for which zircon gave intercepts at 11.0 + 3.3 and
1799+ 12 Ma. Monazite from an amphibolite-facies rock of
the LHCS was dated with the U-Th-Pb method by Liu et al.
(2007). A linear regression through all fractions yielded a
lower intercept age of 13.4 + 1 Ma.

Locally, the main foliation of the eclogites is tran-
sected by mm- to cm-thick undeformed metamorphic veins
(Fig. 4a) and by leucogranite dykes. 2%Pb/>?Th ages of
monazite in such a cross-cutting leucogranite dyke average
11.6 £ 0.4 Ma (Cottle et al., 2006). A leucogranite dyke
close to eclogite pods has given monazite U-Th-Pb ages
around 13 Ma (Liu et al. , 2007, their sample 1303), inter-
preted as crystallisation ages.

Attempts at estimating the age of the eclogite metamor-
phism in the granulitised eclogites has so far given elu-
sive results. Rolfo er al. (2005) dated zircon in eclog-
ite EV02-45 from Tanghyu Valley by the U-Pb SHRIMP
method. Ages ranging from 88 to 110 Ma, prevailing in
the zircon cores, have been interpreted to represent a Cre-
taceous protolith age. The analysed zircon also shows very
thin rims with low Th/U ratios (0.02-0.03), yielding young
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Fig. 4. Photographs showing the microstructure of the granulitised eclogites from the Kharta region. (a) Photograph of the Bt-Ap-P1-Qtz
vein cross-cutting the main foliation of the granulitised eclogite. The thick dashed lines point out the foliation. Sample EV02-45. (b) Mi-
crophotograph of undeformed sample where the pristine omphacite is totally replaced by a Cpx + Pl symplectite, while garnet is surrounded
by moats of Pl + Opx. Sample EV02-42a; Plane Polarised Light (PPL). (c) Microphotograph sample EV97-45c where the orientation of
amphibole and plagioclase defines a poorly foliation. PPL. (d) Microphotograph of porphyroblastic garnet with abundant inclusions of
quartz and rutile in the core and an inclusion-free mantle. Sample EV97-45c, PPL. (e) Microphotograph showing strong retrogression of the
granulitised eclogite near the coarse-grained vein. Note that the contact is marked by brown newly grown biotite and that garnet is replaced
by an Amp + Pl + Bt aggregate. Sample EV02-45; PPL. (f) Detail of the Amp + Pl + Bt aggregate of Fig. 4e. Note the presence of a small

relict of garnet. Sample EV02-45; PPL.

206pp/238y ages (12-15 Ma) interpreted as dating the end
of the metamorphic fluid circulation and thus be linked
to extrusion of the LHCS. Alternatively, as suggested by
Groppo et al. (2007), growth of these zircon rims could re-
sult from breakdown of garnet to orthopyroxene + plagio-
clase and thus date a second granulitic event predating hy-
dration of the granulitised eclogites. Young 2*°Pb/?*%U ages
(17.6 + 0.3 Ma) were also found by Li et al. (2003) with
the SHRIMP U-Pb method on zircon rims from a high-
pressure mafic granulite (actually a granulitised eclogite)
of the northern Ama Drime range. Three zircon fractions
from an eclogite of the western Ama Drime range, anal-
ysed by Liu et al. (2007), define a discordia line, with a
lower intercept age of 10 + 11 Ma and upper intercept age

of 971 + 8 Ma, interpreted as a crystallisation age, dating
Neoproterozoic basic magmatic activity.

U-Pb zircon geochronology by Cottle et al. (2006) on an
eclogite from the western side of the Ama Drime range
yielded for 12 spot analyses of zircon rims intercepts at
0+ 0 and 957 + 18 Ma, suggesting a single phase of zircon
growth at 960 Ma interpreted as protolith age.

Analytical methods

Chemical compositions of minerals were obtained with
a Cambridge Instruments SEM Stereoscan 360 equipped
with an EDS Energy 200 and a Pentafet detector (Oxford
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Instruments) at the Department of Mineralogical and Petro-
logical Sciences, University of Torino (Italy). Operating
conditions were 15 kV accelerating voltage and 50 s count-
ing time. SEM-EDS quantitative data (spot size =2 um)
were acquired and processed using the Microanalysis Suite
Issue 12, INCA Suite version 4.01; the raw data were cal-
ibrated on natural mineral standards and the ®pZ correc-
tion (Pouchou & Pichoir, 1988) was applied. Structural
formulae of garnet, clinopyroxene, and plagioclase were
processed using the software of Ulmer (1986). Amphi-
boles were classified according to the nomenclature of
Leake et al. (2004). Mineral abbreviations are after Kretz
(1983). In order to estimate the temperature conditions of
vein forming, the hornblende-plagioclase geothermometer
(Holland and Blundy, 1994; accuracy +35 °C) was used.

Microthermometry of fluid inclusions within doubly pol-
ished, 100 pum thick sections was performed using a
Linkam THMSG600 heating-freezing stage coupled with
an Olympus polarizing microscope (100x objective) at the
Department of Mineralogical and Petrological Sciences,
University of Torino (Italy). The accuracy, estimated using
synthetic fluid inclusion standards, is about 0.2 °C at the
triple point of CO,. Freezing temperature (7f), triple point
of CO; (Ttpcoy), eutectic temperature of H,O (Teyro), fi-
nal melting temperature of hydrohalite, ice and clathrate
(Tmyn), Tmjce, and Tmejy), and homogenisation tempera-
ture of CO; in the liquid, or in the vapour or at criti-
cal conditions (ThLcoa, ThV coz, ThCcoz) were measured.
Heating rates were always of 0.1 °C/min near 7e and Tm,
and 0.5 °C/min near Th. Fluid inclusion compositions,
densities, and isochores were determined using the soft-
ware packages CLATHRATES (Bakker, 1997) and FLUID
(Bakker, 2003) in the version available in the CD-ROM that
accompanies the paper by Bakker & Brown (2003).

Laser Raman analyses were made with a Labram mi-
crospectrometer (Jobin Yvon, Ltd) at the Department of
Earth Sciences, University of Siena (Italy). A polarised
Ar*-ion laser operating at 514.5 nm wavelength and
200 mW incident power, was used as the excitation source.
The laser spot size was focussed to 1-2 yum. Accumulation
time was 20 seconds. Calibration was performed by using
the 1332 cm™! diamond band.

Petrography and mineral-chemistry

The granulitised eclogite

The three samples containing eclogite relics that were stud-
ied in detail are EV97-45, EV02-42, and EV02-45 (Fig. 2).
Mineral chemistry (Table 1) and metamorphic evolution
of sample EV97-45 was already reported by Lombardo &
Rolfo (2000), while those of sample EV02-42 was recently
studied by Groppo et al. (2007). A new sample (EV02-45,
Table 2) was characterised in this study, because of its im-
portance for constraining both the fluid and metamorphic
evolution.

The granulitised eclogites are fine-grained and mainly
consist of porphyroblastic garnet, clinopyroxene, plagio-

clase, brown amphibole and minor orthopyroxene, bi-
otite, quartz and ilmenite. They can have equant structure
(Fig. 4b) or show a preferred dimensional orientation of ne-
matoblastic brown amphibole defining a poorly developed
foliation (Fig. 4c).

On the basis of microstructural observations and mineral
relationships, four mineral assemblages have been recog-
nised: eclogite-facies assemblage M1; granulite-facies as-
semblage M2; coronitic assemblage M3; low-pressure —
medium/high-temperature (LP — M/HT) assemblage M4.

The eclogite-facies assemblage M1 consists of garnet,
omphacite, minor quartz and phengite. Relics of eclogitic
garnet, characterised by abundant inclusions of quartz and
rutile, constitute the core of most porphyroblasts (Fig. 4d).
Garnet cores are relatively Ca-rich with average composi-
tion A1m49_55Prp10_17Grs19_31Spso_4Adr1_14 (Flg 5a) Un-
like the relics of eclogitic garnet, both omphacite and phen-
gite are totally replaced by symplectites of Cpx + PI and of
Bt + PI, respectively (assemblage M1g..). The clinopyrox-
ene in the symplectite is a diopside, with less than 5 mol %
of both jadeite and aegirine components (Fig. 5b). The pla-
gioclase in the symplectite after omphacite is an andesine
showing irregular zoning from Anyg to Ansg, whereas pla-
gioclase in the symplectite after phengite is strongly zoned
with an oligoclase core (Any;_»s) and a labradorite rim
(Anss_s7; Fig. 5¢).

The granulite-facies assemblage M2 is represented by
garnet rim and by relatively coarse-grained clinopy-
roxene, orthopyroxene and plagioclase, and by acces-
sory ilmenite. The granulitic garnet rim is inclusion-free
(Fig. 4d) and, relative to M1 garnet,, its composition is
characterised by an increase of Fe and a decrease of
Ca (Alms;_sgPrpio-14Grs14-25Spsi—4Adry_;5; Fig. 5a). The
clinopyroxene has the same composition of that in the
symplectites after omphacite. In the orthopyroxene, the
Xpe(Opx) [Xg.(Opx) = Fe*/(Fe** +Mg)] ranges from 0.51
to 0.59 and the Ca-content is less than 5 mol%. The plagio-
clase is a labradorite with anorthite component from Ansg
to Ans; (Fig. 5¢).

The coronitic assemblage M3 is represented by a pla-
gioclase + orthopyroxene + amphibole corona developed
around the garnet porphyroblasts. The inner part of the
corona consists of radiating laths of plagioclase with com-
position ranging between Ansy and Ans; (Fig. 5c). The
outer part of the corona consists of orthopyroxene com-
positionally similar to that of M2 assemblage, minor il-
menite, and amphibole with pargasitic to Fe-pargasitic
composition.

The LP — M/HT assemblage M4, consisting of brown
amphibole and plagioclase, is well developed in the rock
matrix, where the brown amphibole locally defines the fo-
liation. This assemblage may also replace former minerals
in the symplectite after omphacite and in the corona around
garnet. The amphibole is a pargasite and it is slightly zoned,
with Na and AIY!' contents decreasing from core to rim
(Fig. 5d). In sample EV02-45 the composition of matrix
amphibole ranges from ferropargasite to hastingsite with
AlY = 1.66-1.81 and AIV! =0.35-0.46 (Fig. 5d). The pla-
gioclase composition varies from oligoclase to andesine
(Anyg_3s; Fig. 5¢).
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The vein

In eclogite EV02-45, the main foliation is crosscut by a
white vein about 2 cm thick (Figs. 4a and 4e). The vein
consists of coarse-grained quartz, plagioclase, apatite and
minor brown biotite. Plagioclase composition varies from
oligoclase to andesine (Anps_33; Fig. 5¢).

Close to the vein, the host rock is strongly retro-
gressed with development of a vein-related assemblage M5
(Fig. 4e) consisting of brown biotite and green amphibole
rimming the M4 brown amphibole. Besides, garnet por-
phyroblasts are almost totally replaced by an aggregate of
green amphibole + plagioclase + brown biotite (Fig. 4f).
The amphibole is hastingsitic or ferrotschermakitic in
composition with Al'Y =1.57-1.68 and A1Y!=0.27-0.39
(Fig. 5d). The plagioclase is andesine showing a Ca-rich
core (Ansg_sg) and a Ca-poor rim (Anjzs-_37; Fig. 5¢).

Fluid inclusion study
Fluid inclusion occurrence

The occurrence of a vein crosscutting the main foliation
of the eclogite was extremely useful to define the different
“groups of synchronous inclusions” (GSI, Touret, 2001)
and their relative chronology. Six distinct GSI were recog-
nised in the studied samples and are schematically de-
scribed in Fig. 6 and Table 3. In particular, a careful fluid
inclusion petrography made possible to distinguish the in-
clusions present only in the rock-forming minerals of the
granulitised eclogite, i.e. the inclusions trapped during the
early metamorphic stages, from the inclusions hosted in
both vein and eclogite, i.e. the inclusions trapped during
the late metamorphic stages. The first group is represented
by aqueous or gaseous inclusions occurring in garnet, am-
phibole, and quartz; the second group consists of mixed
CO,-H,0 or aqueous inclusions found in quartz from the
eclogite and in quartz and apatite from the vein.

Type I: saline aqueous-carbonate inclusions

The first type (Type I) consists of very rare and isolated
(i.e. primary; Roedder, 1984) inclusions occurring only in
the eclogitic core of the garnet (Fig. 6 and 7a; Table 3). The
size of the inclusions is small, ranging from 5 to 10 ym in
diameter, and evidence for partial decrepitation is common.
Type I are three-phase (S+L+V) aqueous inclusions, all of
them containing a colourless solid with high birefringence
(Mg-calcite at the microRaman spectroscopy) that consti-
tutes less than 30 % of the total volume of the inclusion.

Type I1: carbonic-carbonate inclusions

Type 1I inclusions occur as isolated inclusions or as in-
tragranular trails “grain internal” (see van der Kerkhof &
Hein, 2001) within the granulitic mantle of garnet (Fig. 6
and 7b; Table 3). They have irregular shape and very

small size (<7 um), and commonly show evidence for par-
tial decrepitation. Both two-phase (S + L) or three-phase
(S+L+V) gaseous inclusions are observed at room tem-
perature. All inclusions contain a colourless solid with
high birefringence (Mg-calcite at the microRaman spec-
troscopy) that may constitute up to 40 % of the total volume
of the inclusion.

Type 11I: aqueous inclusions with minor CO,

Type III inclusions occur as very rare isolated inclusions
within the brown pargasitic amphibole from assemblage
M4 (Fig. 6 and 7c; Table 3). Besides, they are abundant in
matrix quartz of the eclogite, where they occur as isolated
inclusions and, rarely, as intragranular trails “from a grain
boundary to another” (see van der Kerkhof & Hein, 2001).
They are very small, their size ranging from less than 3 up
to 10 um in diameter, and are characterised by irregular
shape. The inclusions are two-phase (L+V) aqueous inclu-
sions with degree of filling (df = L/L+V) of 75-80.

Type 1V: aqueous-carbonic inclusions

Type IV is the first GSI observed both in the vein and in
the hosting eclogite (Fig. 6; Table 3). In the vein, it occurs
as primary inclusions in quartz and apatite (Fig. 6 and 7d),
whereas in matrix quartz of the eclogite it usually occurs as
intragranular trails “grain internal” (Fig. 7e) or as rare iso-
lated inclusions (Fig. 6). They are easily identifiable from
other fluid inclusion types by their bigger size - varying
from 10 to 20 yum in diameter - and by their negative crys-
tal shape. All inclusions are three-phase aqueo-carbonic
(Vcoa-Leoz-Luzo) and CO; represents 55-60 % of the in-
clusion total volume.

Type V: carbonic inclusions with minor H,O

Type V inclusions are not abundant. They occur as intra-
granular trails only in quartz from both vein and eclogite
(Fig. 6; Table 3). Rare intragranular trails “from a grain
boundary to another” crosscut intragranular trails “grain
internal” consisting of Type IV fluid inclusions (Fig. 7e).
They have a very small size (<7 ym in diameter) and usu-
ally show an irregular shape. The inclusions appear to be
two-phase gaseous inclusions, i.e. Vcoy and Leop. Never-
theless, some inclusions clearly show the presence of water
at the corners (Fig. 7e), suggesting that probably all the in-
clusions contain water up to 30 % of the inclusion total vol-
ume. The different occurrence of Type IV and Type V fluid
inclusions, their different size and shape, and the absence
of synchronous inclusions lacking CO, or H,O allow us to
exclude that Type IV and Type V fluid inclusions may rep-
resent a single heterogeneous trapping of two immiscible
liquids.
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Alm + Sps
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Wo+En+Fs

Cpx
symplectite

d

Fig. 5. Chemical compositions of garnet, clinopyroxene, plagioclase, and amphibole respectively plotted (a) in the (almandine+spessartine)-
grossular-pyrope diagram, (b) in the (wollastonite+enstatite+ferrosilite)-jadeite-aegirine diagram of Morimoto (1988), (c) in the albite-
versus A" diagram. The distinction between low-P and high-P amphiboles (solid line) is
from Raase (1974) and that among amphibole composition in the different metamorphic facies is from Zakrutkin (1968). The light grey area

anorthite-orthoclase diagram, and (d) in an A
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in the diagrams corresponds to mineral compositions reported in Lombardo & Rolfo (2000) and in Groppo et al. (2007).



Table 3. Nature and occurence of the six different groups of synchronous inclusions (GSI) recognised in the studied samples of the Ama Drime eclogites.

occurrence in vein

occurrence in eclogite

Grt (M1-M2)

isolated in Grt core (M1)

nature of the fluid

GSI

Qtz

Ap (M5)

Qtz

Amp (M4)

saline aqueous-carbonate
carbonic-carbonate

Type I

isolated or grain-internal

Type 11

trails in Grt mantle (M2)

isolated
intragranular trails

isolated

aqueous with minor CO,
aqueous-carbonic

Type 111

isolated
intragranular trails

isolated

Type IV
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intragranular trails

carbonic with minor H,O

pure water

Type V

intragranular and
transgranular trails

intragranular and
transgranular trails

Type VI

I:l Quartz &  Typel
Plagioclase o Typell
I:l Apatite © Type llI
I:l Garnet @ TypelV
|:| Amphibole @ TypeV
I:l Symplectite ® TypeVl
—_— Contact between vein and eclogite

Fig. 6. Cartoon summarising the occurrence, in both eclogite and
vein, of the six groups of synchronous inclusions recognised in the
Ama Drime samples.

Type VI: pure water inclusions

Type VI fluid inclusions constitute intragranular and trans-
granular trails in quartz of both the vein and host eclogite
(Fig. 6 and 7f). The inclusions, up to 10 um in size, are
elongated and show irregular shape. They are two-phase
(L + V) aqueous inclusions with df = 80-90.

Microthermometry, fluid composition and density
calculation

Representative microthermometric data of the six GSI are
reported in Table 4.

Type I: saline aqueous-carbonate inclusions

Freezing temperature (Tf) of Type I inclusions ranges be-
tween —52.6 and —45.9 °C and eutectic temperature (Tepo)
varies from —-30.1 to —28.9 °C (Fig. 8a). Both data sets
suggest the presence of Mg?* and/or Fe?*, in addition to
Na*, as dissolved cations in the fluid. Melting tempera-
ture of hydrohalite (Tmyy,) is between —24.1 and -21.7 °C
(with majority at —22.1 °C), and melting temperature of ice
(Tmye) varies between —7.2 and —6.5 °C (with majority at —
6.5 °C), indicating medium salinity. The homogenisation is
to the liquid (L+V —> L) and temperatures (ThLy,0) range
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from 145.3 to 218.7 °C, with an asymmetric distribution
and a peak at about 218 °C (Fig. 8b).

All these data show that Type I fluid inclusions at present
contain a high-density (0.99-0.92 g/cm?®) - medium-
salinity aqueous fluid (4.5 NaCl and 5.5 MgCl,eq wt%;
Bakker, 2003). Nevertheless, the presence of Mg-calcite
daughter minerals in the inclusions suggests that, during
trapping, the fluid was not a pure aqueous fluid, but prob-
ably contained CO,. Possibly, during metamorphic evolu-
tion the carbonate precipitated in consequence of a reaction
of the brine with carbonic acid.

Type I1: carbonic-carbonate inclusions

Type I  fluid inclusions melt instantaneously
(S+V - L+V) at temperatures very close to the triple
point of pure CO, (-56.6 °C). The homogenisation is usu-
ally to the liquid and ThLco; ranges from 3.2 to 29.9 °C.
Few critical homogenisations (L+V —> C) are observed
at ThCcoy = 30.9 — 31.0 °C. The resulting histogram
is asymmetric with most measurements around 26.8 °C
(Fig. 9a).

These microthermometric data indicate that Type II fluid
inclusions are filled by pure CO, with density from 0.41 to
0.91 g/cm?.

Type 11I: aqueous inclusions with minor CO,

Type III fluid inclusions freeze at Tf between —50.0 and
—40.0 °C and Tey;( varies from —35.2 to —28.1 °C (Fig. 8c).
These data are compatible with the presence in the fluid
of divalent cations, such as Mg?* and/or Fe?*, in addition
to Na*. Tmyy ranges from —21.8 to —18.1 °C (with ma-
jority at —20.4 °C), and Tmyc is from —4.2 and —1.1 °C
(with majority at —2.7 °C), i.e. lower than that of type I
fluid inclusions (Fig. 10). In some inclusions, dissolution
of clathrate is clearly observed at very constant temperature
(Tmgpan = 8.2-8.4 °C). This indicates that minor amounts
of CO;, are dissolved in the fluid, and that the salinity is
low, in agreement with the low Tmy.. measured. The ho-
mogenisation is always into the liquid and ThLy, varies
from 153.8 to 234.5 °C, with a symmetric distribution and
a peak at about 206 °C (Fig. 8d).

On the basis of these data, the fluid trapped in Type III
fluid inclusions is a low-salinity - low-density (0.80 g/cm?)
aqueous fluid with minor amount of dissolved CO,
(X120 =0.95, Xc02 =0.03, XNac1 = 0.01, Xpigcr2 = 0.01).

Type IV: aqueous-carbonic inclusions

Phase transitions in the aqueous part of Type IV inclu-
sions are very difficult to observe, due to the high amount
of CO,. Where observable, Tf is from —49.0 to —-28.0 °C,
Teypo is near the eutectic temperature of NaCl- H,O sys-
tem (=20.8 °C), and Tmijc. is from —4.6 and —4.1 °C. On the
contrary, the dissolution of clathrate is more recognisable
and occurs at Tmgp,, from 7.3 to 9.6 °C (with majority at

8.2 °C; Fig. 9d). The carbonic part of fluid inclusions melts
instantaneously (S+V — L + V) at temperatures very close
to —56.6 °C. The CO, homogenisation is always to the lig-
uid and ThL¢g,, from 27.1 to 30.9 °C, make a symmetric
histogram with peak at 29.1 °C (Fig. 9c). Total homogeni-
sation temperature of fluid inclusions (Lcoz + Lgpo —> ho-
mogeneous fluid) could not be measured, since inclusions
decrepitated during heating.

Microthermometric data indicate that the fluid trapped in
Type IV inclusions is a low-density (0.77 g/cm?) aqueo-
carbonic fluid (XH2O = 067, Xco2 = 031, XNaCl = 002)

Type V: carbonic inclusions with minor H,O

Microthermometric data of Type V fluid inclusions are
measurable just from the biggest inclusions. The only
phase transitions observable in the aqueous part is dis-
solution of clathrate at Tmg,y, from 7.9 to 9.2 °C with
three peaks at 8.3, 8.5, and 9.1 °C (Fig. 9b), suggesting
the presence of small amounts of a low-salinity aqueous
phase. The carbonic part of fluid inclusions melts instanta-
neously (S+V — L+V) at a temperature very close to the
triple point of pure CO, (-56.6 °C). In most inclusions the
carbonic part is only vapour, but some inclusions show ho-
mogenisation into the vapour (L + V —> V) at temperatures
(ThVgy) between 22.2 and 22.6 °C. Total homogenisation
temperature could not be measured, in order to prevent de-
crepitation of the inclusions.

These data indicate that the fluid has composition Xyyo =
0.54, Xcoa = 0.44, Xnacr = 0.02 and density 0.82 g/cm®.

Type VI: pure water inclusions

In spite of their abundance, only few Type VI inclusions
are large enough to observe the phase transitions. The in-
clusions freeze at Tf between —42.0 and —-34.0 °C (Fig. 8e),
and Teypo ranges from —20.7 to —17.3 °C, i.e. close to the
eutectic temperature of the NaCl- H,O system. Final melt-
ing of ice occurs at high temperatures (Fig. 10), i.e. from
—0.7 to 0.3 °C (with majority at —0.6 °C). The homogeni-
sation is into the liquid and ThLyyo are very scattered,
ranging from 136.3 to 374.3 °C (Fig. 8f) with a poorly de-
fined peak at 217.9 °C.

Microthermometric data indicate that the trapped fluid
is an aqueous fluid characterised by very-low salinity
(1.0 NaCl wt %) and low-density (from 0.94 to 0.51 g/cm?).

Discussion

Petrological constraints on the metamorphic evolution
of the granulitised eclogites and the associated vein

Four metamorphic stages have been previously recog-
nised by Groppo et al. (2007) in the granulitised eclogite
EV02-42 and host gneiss, on the basis of microstructural
data and linking P-T pseudosections (Connolly, 1990) with
conventional thermobarometry.
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Fig. 7. Photomicrographs of fluid inclusions in the granulitised eclogites from Ama Drime range and associated vein. (a) Isolated Type I
three-phase aqueous inclusions in the garnet core. Note the blebs of quartz, a typical mineral inclusion within the Grt core, and the presence
of decrepitated fluid inclusions. Sample EV97-45b; PPL. (b) Garnet mantle hosting intragranular trails of type II three-phase gaseous
inclusions characterised by irregular shape and evidence for decrepitation. Sample EV97-45c¢; PPL. (c) Isolated Type III two-phase aqueous
inclusions in brown amphibole. Sample EV97-45c; PPL. (d) Isolated Type IV mixed CO; - H,O inclusion in Qtz from the vein. Note the
negative crystal shape of the inclusion. Sample EV02-45; PPL. (e) Intragranular trails of Type V fluid inclusions (V) crosscutting a Type IV
trail (IV) within Qtz from the granulitised eclogite. Sample EV02-42a; PPL. Insert: detail of Type V CO;-rich inclusions in Qtz. Note
the small amount of aqueous liquid in corners. The carbonic phase is in the vapour state. Sample EV02-45b; PPL. (f) Type VI two-phase
aqueous inclusions in Qtz from the vein. Sample EV02-45; PPL.
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Table 4. Representative microthermometric data of fluid inclusions in the Ama Drime eclogites. Tf = freezing temperature, Te = eutectic
temperature, Ttp = triple point Tm = final melting temperature, Th = homogenisation temperature.

Sample Host mineral E.L type TtpCO, (°C) ThCO, °C) Thuo (°C) Temo (CC) Tmpy (°C) Tmie ((C) ThLuo (°C) Tmay CC)
EV97-45b/2B Grt 1 -52.6 -28.9 217 -6.6 215.8
EV97-45b/2B Grt 1 -29.9 -22.1 -7.2 218.7
EV97-45b/2B Grt 1 459 -30.1 —24.1 -6.5 145.3
EV97-45b/2B Grt 1 223 218.1
EV97-45¢/2A Grt it 756.6 12.4

EV97-45¢/2A Grt i -56.6 29.6

EV97-45¢/2A Grt i -56.6 30.9

EV97-45¢/2A Grt i -56.6 263

EV97-45¢/2A Grt i -56.6 29.7

EV97-45¢/TB Grt i -56.8 23.9

EV97-45¢/TB Grt i -56.8 25.1

EV97-45¢/7B Grt il -56.8 6.9

EV97-45¢/7B Grt il -56.8 26.8

EV97-45b/2D Grt il -56.6 56

EV97-45b/2D Grt il -56.6 31.0

EV97-45b/2E Grt il -56.6 12.3

EV02-42a/3A Grt i -56.6 32

EV97-45¢/2C Qiz I 430 317 25 2078
EV97-45¢/2C Qtz 11l 42,0 -31.0 -19.8 42 234.5
EV97-45¢/2D Qtz 11l —45.0 27 203.5
EV97-45¢/2D Qtz 11 —45.0 342 ~20.4 2.6 182.4 8.4
EV97-45¢/2D Qtz 11l —45.0 -30.9 2.6 214.6
EV97-45¢/3A Qtz 11 —40.0 299 ~19.0 25 2107
EV97-45c/4A Qtz 11 —41.0 318 -19.8 2.7

EV97-45¢/5B Qtiz 111 —43.0 -1.2 168.5
EV97-45¢/5C Qiz 111 —44.0 324 -18.1 2.1 211.1 8.2
EV97-45¢/5C Qiz 111 ~40.0 -30.8 -20.4 25 203.5
EV97-45¢/5D Qtiz 111 —48.0 -29.1 218 -4 2252
EV97-45¢/5E Qtiz 111 -50.0 325 -20.8 -4 1825
EV97-45¢/10A Amp 11l —44.0 -20.0 ~1.8 218.5
EV97-45¢/8A Qtz 11l —40.4 -28.1 ~18.4 22 8.3
EV97-45¢/6A Qtz 11l —41.0 11 165.1
EV97-45¢/6D Qtz 11 —44.0 ~20.4 3.1 208.7
EV97-45¢/6D Qtz 11l —44.0 -30.8 ~20.4 2.6 215.8
EV97-45¢/6D Qtz 11l —44.0 -19.2 2.7 153.8
EV97-45¢/12A Qiz v ~56.7 304 316 76
EV97-45¢/11A Qtz v -56.6 28.5 8.4
EV02-45/1A Qtz v -56.6 —49.0 -33.6 9.6
EV02-45/1C Qtz v -56.4 30.9 —40.0 73
EV02-45/1D Qtz v ~56.4 30.1 -183 8.4
EV02-45/1F Ap v -56.4 —46.0 -33.1 4.6 8.1
EV02-45/1G Qtz v ~56.4 30.0 ~28.0 42 8.2
EV02-45/1G Qtiz v -56.4 303 4.1 8.8
EV02-45/1E Qtiz v -56.4 29.0 8.2
EV02-45/1E Qtiz v -56.4 29.1 8.2
EV02-45/1E Qtiz v -56.4 29.1 8.2
EV02-45/1E Qtiz v -56.4 29.4 8.2
EV02-45/1E Qtz v ~56.4 29.6 8.2
EV02-45/1E Qtz v -56.4 29.1 8.2
EV02-45/1E Qtz v -56.4 27.1 8.2
EV02-42a/1A Qiz v 572 79
EV02-42a/1B Qiz v -57.1 223 8.5
EV02-42a/1B Qiz v -57.2 222 8.3
EV02-42a/1B Qiz v -57.2 226 8.4
EV02-42a/1B Qiz v -57.2 224 8.3
EV02-42a/1B Qtz v -57.2 222 8.5
EV02-42a/1C Qtz v -56.6 9.1
EV02-42a/1C Qtz v -56.6 9.2
EV97-45¢/2E Qiz VI 39.0 —20.7 0.3 3743
EV97-45¢/7A Qiz VI —42.0 -20.7 -0.7 136.3
EV02-45/1A Qiz VI -36.0 -20.7 -0.6 250.2
EV02-45/1A Qiz VI -34.0 -0.6 234.8
EV02-45/1H Qtz VI -37.0 -173 0.7 299.0
EV02-45/1H Qtz VI -37.0 ~17.4 0.7 2912
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Fig. 8. Histograms for H,O-rich fluid inclusions. (a), (c), (e) freezing (Tf), eutectic (Te), hydrohalite melting (Tmpyy), ice melting (Tmyc. ), and
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isochores reported in Fig. 12.
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The first stage represents the pressure peak attained at
eclogite-facies conditions (M1; Fig. 11). The stable mineral
assemblage was garnet + omphacite + phengite + quartz +
rutile, but the scarcity of eclogitic relics prevents to con-
strain precisely the P-T conditions. However, P > 1.5 GPa
and T > 580 °C have been obtained using phase rela-
tions (stability of garnet, phengite and omphacite in the
NKCFMASH+Ti system with ago = 0.5) and com-
paring compositions of garnet cores with the X¢, [Ca /
(Mg + Fe + Ca) x 100] isopleths for garnet. An early de-
compression event (M1ge.), still at eclogite-facies condi-
tions, led to the development of biotite + plagioclase sym-
plectites after phengite and of clinopyroxene + plagioclase
symplectites after omphacite. The topology of Xy, [Na /
(Na+ Ca) x 100] isopleths for omphacite and symplectitic
clinopyroxene suggests P < 1.8 GPa.

The thermal peak occurred at granulite-facies conditions
(stage M2, Fig. 11) and is documented by the coexistence
of garnet, clinopyroxene, orthopyroxene, plagioclase and
ilmenite. Phase relations and modal isopleths for orthopy-

roxene constrain the P-T conditions for this stage (M2) at
0.8-1.0 GPa and T > 750 °C, corresponding to crustal
depths of about 25-30 km.

A second granulitic event (M3, Fig. 11) was responsible
for the development of the Pl + Opx corona around gar-
net. The P-T conditions of this event were retrieved from
a pseudosection calculated at apgyo = 0.5 in the NCF-
MASH system to model the local equilibrium in the PI
+ Opx corona. The Xy, [Mg / (Mg + Fe?*) x 100] iso-
pleths for clinopyroxene and the Xg. [Fe?* / (Fe’* +
Mg) x 100] isopleths for orthopyroxene, coupled with ther-
mobarometric data, suggest an average equilibration tem-
perature of 783 °C at P = 0.41 GPa.

A first stage of cooling (M4, Fig. 11) is represented by
the growth of brown amphibole in equilibrium with pla-
gioclase, locally defining a foliation in the eclogites. The
modal and compositional isopleths of amphibole and the
PI-Hbl geothermometer of Holland & Blundy (1994) in-
dicate T = 700 °C, whereas the pressure is poorly con-
strained (0.4-0.6 GPa).
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Fig. 10. Tmj. versus ThL of aqueous inclusions in granulitised
eclogites from the Ama Drime range.

New minerochemical data reported in this paper reveal
a late retrogression stage (M5, Fig. 11) related to the de-
velopment, in sample EV02-45, of the Bt-Ap-P1-Qtz veins
cross-cutting the M4 foliation. In the host eclogite, the min-
eral assemblage in equilibrium with the vein is: brown bi-
otite + green amphibole + Na-rich plagioclase. The P1-Hbl
geothermometer of Holland & Blundy (1994) suggests for
stage M5 a temperature of 690 + 7 °C for a nominal pres-
sure of 0.4 GPa. These P-T conditions are in agreement
with those inferred from garnet-biotite-sillimanite gneisses
hosted in the granitic orthogneiss of the Ama Drime range
(T ~ 660 °C and P ~ 0.3 GPa; Groppo et al., 2007).

Evolution of the fluid phase

Textural relationships among the six GSI and the host min-
erals indicate that the GSI are representative of six distinct
events of fluid trapping that occur at different metamorphic
conditions and in different tectonic regimes. The presence
of a Bt-Ap-PI-Qtz vein adds a strong constraint to their
chronology, three events occurring before the development
of the vein, and three after. Figure 12 combines the P-T
data for the metamorphic stages previously discussed and
the fluid isochores obtained from fluid inclusion data.

The first recognised event of fluid trapping involved a
high-density aqueous fluid of medium salinity and contain-
ing CO,. This event must have occurred during subduc-
tion, at the eclogitic peak (M1 stage), as testified by the
presence of primary Type I inclusions in eclogitic garnet
cores. In spite of this textural evidence, the calculated iso-
chores intersect the P-T box of the early decompression
event (M1ge.; Fig. 12). Nevertheless, both the presence of
daughter minerals and the asymmetric histogram obtained
from homogenisation temperatures (Fig. 8b) indicate that
the inclusions experienced post-trapping re-equilibrations
such as shrinkage and saturation (van der Kerkhof & Hein,
2001) during exhumation. Using the highest density iso-
chore (0.99 g/cm®), minimum pressures of trapping are es-
timated to be 1.39-1.50 GPa at 750-800 °C.

Occurrence of early Type II inclusions within granulitic
garnet mantles indicates the presence of pure CO; at the
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Fig. 11. P-T pseudosection for granulitised eclogite EV02-42 cal-
culated at amo = 0.5 in the NKCFMASH+Ti system, using
the bulk-rock composition given in the top left inset (modified
from Groppo et al., 2007). White, light grey, medium grey and
dark grey fields are di- tri-, quadri- and five-variant fields, re-
spectively. Di-variant eight-phase assemblages, sharing phases of
the adjacent trivariant seven-phase fields, are not labelled for clar-
ity (am = amphibole; bt = biotite; cpx = clinopyroxene; g = garnet;
ilm = ilmenite; o = omphacite; opx = orthopyroxene; ph = phengite;
pl=plagioclase; q=quartz; rt=rutile; ttn = titanite; zo = zoisite).
The dashed ellipses show the approximate P-T conditions for the
different mineral assemblages. M1 =P-T conditions suggested by
the X¢, [Ca / (Mg + Fe + Ca) x 100] isopleths for garnet; early de-
compression = P-T conditions suggested by the Xy, [Na / (Na+
Ca) x 100] isopleths for omphacite and clinopyroxene; M2 =P-T
conditions suggested by modal isopleths of orthopyroxene; M4 = P—
T conditions suggested by modal and compositional isopleths of
amphibole. The P-T conditions for M3 assemblage are obtained
using a pseudosection for EV02-42, calculated at a0 = 0.5 in
the NCFMASH system, showing the Xy, [Mg / (Mg + Fe*) x 100]
isopleths for clinopyroxene and the X, [Fe?* / (Fe** + Mg) x 100]
isopleths for orthopyroxene. MS is the “vein-related” metamorphic
stage recognised in sample EV02-45 of the present study. Dashed-
dotted line is the temperature for stage M5 obtained using the Hbl-P1
geothermometer (Holland and Blundy, 1994). G is the P-T range of
equilibration inferred from a garnet-biotite-sillimanite gneiss of the
Ama Drime range (Groppo et al., 2007).

thermal peak (stage M2), during the first stage of de-
compression. Unfortunately, pressure conditions for trap-
ping obtained from the calculated isochores are incon-
sistent with the P conditions of this first granulite-facies
event (Fig. 12). In fact, even the highest density isochore
(0.91 g/cm?) gives pressures compatible only with the
stages from M3 to the greenschist-facies event (M5). This
is due to post-trapping re-equilibrations, as testified by the
presence of daughter minerals in the Type II fluid inclu-
sions and by the asymmetric histogram for Th.
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Fig. 12. comparison between fluid inclusion isochores and the
P-T path estimated for the granulitised eclogites and associated vein
from Ama Drime range. M1 — M5 are the metamorphic stages for
the eclogite reported in Fig. 11. To simplify the figure, maximum
and minimum densities are reported only for Type I, Type II and
Type VI fluid inclusions (light grey fields). Dashed lines are the rep-
resentative isochores obtained from Type I, Type III, and Type V
fluid inclusions. The dark grey arrow is the inferred P-T path.

The last fluid influx experienced by the granulitised
eclogites before the development of the Bt-Ap-PI-Qtz vein
is represented by a low-salinity - low-density aqueous fluid.
The occurrence of primary fluid inclusions in brown am-
phibole indicates that this fluid is responsible of the rock
hydration during stage M4. The preserved density of trap-
ping in the fluid inclusions, testified by the symmetric dis-
tribution of Th, gives a tight constraint to the pressure con-
ditions of this stage, previously only loosely constrained at
0.4-0.6 GPa by the P-T pseudosection of Groppo et al.,
(2007). In fact, for a temperature of 720 °C a pressure
of about 0.47 GPa is obtained by the calculated isochore
(Fig. 12).

The fluid responsible for the development of the
Bt-Ap-P1-Qtz vein cross-cutting the foliation is a homoge-
neous, low-density, aqueo-carbonic fluid. Textural relation-
ships between the vein and the host eclogite, i.e. the strong
retrogression of the eclogite at the contact with the vein,
indicate that this fluid is also responsible of the late stage
of retrogression (M5). The isochore calculated using the
Th corresponding to the peak of the symmetric histogram
(Fig. 8d) constrains the pressure of stage M5 at about 0.39
GPa, for a temperature of 700 °C (Fig. 12).

The fifth event observed is the entrapment of a homo-
geneous CO;-rich fluid with low salinity and low density.
Textural relationships suggest that this fluid was trapped
after the low-density aqueo-carbonic fluid (Type IV) and
before the entrapment of very-low salinity aqueous fluid
(Type VI), i.e. at P-T conditions between 0.37 GPa at
650 °C and 0.14 GPa at 400 °C (Fig. 12). Unfortunately, no

metamorphic mineral assemblage is apparently associated
with this fluid influx and in this P-T range a fluid with Type
V composition is always miscible (e.g. Diamond, 2003).
These characteristics prevent from precisely constraining
the T and P conditions of the trapping event.

The last fluid trapped is an aqueous fluid with very-
low salinity, probably representative of low pressure and
low temperature conditions (Fig. 12). The absence of a
greenschist-facies mineral assemblage and the scattered Th
obtained from Type VI fluid inclusions preclude any pre-
cise constraint on the P-T conditions for this trapping event.

Origin of the fluid phase

The data obtained by this fluid inclusion study are not in
themselves sufficient to define the origin of the different flu-
ids observed in the Ama Drime eclogites. However, com-
paring these data with those obtained from other localities
of the Himalayas and from other collisional orogens, it is
possible to discuss different hypotheses.

Few data are reported in the geological literature about
the nature of metamorphic fluids during subduction of con-
tinental crust and the early stages of its exhumation in the
Himalayan orogen. The only available data on HP fluids
are from the Tso-Morari eclogites, where an aqueous fluid
of medium salinity (11-13 wt % NaCl,) is in equilibrium
with the HP mineral assemblage (Sachan et al., 1999). We
found that the fluid in equilibrium at the eclogitic peak
in the Ama Drime granulitised eclogites is an aqueous
fluid characterised by medium salinity and containing CO5.
The nature of the fluids trapped at HP conditions in both
the western Himalayan (Tso-Morari) eclogites and east-
ern Himalayan (Ama Drime) eclogites is consistent with
the aqueous-dominated system observed at eclogite-facies
conditions in other continental rocks from orogens of dif-
ferent ages (Philippot et al., 1995; Scambelluri et al., 1998;
Xiao et al., 2000; Fu et al., 2002; Ferrando et al., 2005).
The origin of peak fluid in the Ama Drime eclogites, how-
ever, remains uncertain. Data from continental lithologies
suggest fluid segregation and limited fluid transport dur-
ing eclogite-facies conditions (i.e. an internal origin for the
eclogitic fluids; Nadeau et al., 1993; Klemd & Brocker,
1999; Touret & Frezzotti, 2003; Frezzotti et al., 2004 and
references therein).

According to Lombardo & Rolfo (2000), the eclogites of
the Ama Drime range derive from discordant mafic dykes
emplaced in the granitic protolith of the orthogneiss. Geo-
chemically, they have an olivine-tholeiitic composition and
may derive from Fe-rich dolerites, possibly related to the
Cretaceous Rajmahal Trap volcanism widespread in NE In-
dia (Rolfo er al., 2005). Because of the scarce mobility of
the fluid at HP conditions, the eclogitic fluids may represent
remnants of fluids internally buffered during late stages of
prograde metamorphism (Fig. 13).

In contrast with the mineral assemblage developed at the
HP peak, the granulite-facies mineral assemblage formed
in the first stage of decompression is in equilibrium with
pure CO», i.e. the fluid found in most granulites (e.g. An-
dersen et al., 1990; Munyanyiwa et al., 1993; Touret, 1995;
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Klemd & Brocker, 1999; Touret & Frezzotti, 2003) as well
as in eclogites that experienced granulite-facies overprint
(e.g. Fu et al., 2003). As concerning the “granulitic” CO,,
the major question does not regard its origin (juvenile or
sedimentary; Touret, 1986), but the processes that intro-
duced CO; in the system during granulitisation, namely
mantle-derived intrusions, metamorphic reactions (e.g. de-
carbonation reactions, graphite oxydation), and/or prefer-
ential incorporation of H,O in anatectic melts (see Touret
& Frezzotti, 2003; Frezzotti et al., 2004 and references
therein). A direct influx of CO, rising from mantle-derived
intrusions is unlikely in the case of the Ama Drime eclog-
ites because there is no direct evidence of this kind of in-
trusions in the studied area. The hypothesis of a CO; influx
from metamorphic reactions in nearby sediments is unsuit-
able either, because the LHCS in the studied area (i.e. the
Ama Drime orthogneiss) does not include marbles or car-
bonaceous sediments and the structurally lower metasedi-
mentary Tumlingtar Unit is inferred to be emplaced below
the LHCS after the stage M2 (see later on). On the con-
trary, field and petrologic evidence (Lombardo & Rolfo,
2000; Groppo et al., 2007) suggests that the eclogite and
country rocks experienced the same metamorphic evolu-
tion. In particular, the orthogneiss shows evidence of partial
melting (Fig. 3b) that can be ascribed to the thermal peak
(stage M2) attained during the first stages of decompres-
sion, possibly through dehydration melting of white mica
(e.g. Indares & Dunning, 2001). Natural and experimental
observations indicate that H,O is preferentially partitioned
into the granitic melt and, as a consequence, CO, concen-
trates in the residual fluid (e.g. Holloway, 1976; Touret &
Dietvorst, 1983; Touret & Olsen, 1985; Holtz et al., 2001).
For these reasons, the most likely process to produce “gran-
ulitic” CO; in the Ama Drime eclogite may be preferential
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incorporation of H,O into the melts produced during ana-
texis of the hosting gneiss. Specifically, the loss of H,O
from the peak aqueous fluid containing CO; to the hosting
migmatites during stage M2 may have caused CO; enrich-
ment in the residual fluid of the eclogites (Fig. 13).

The LP-M/HT stage M4 is dominated by aqueous fluids.
The growth of oriented brown amphibole testifies perva-
sive retrogression probably associated to a regional defor-
mation event. This suggests a considerable influx of ex-
ternal aqueous fluids connected to a tectonic event. As
already mentioned, geologic evidence (Meier & Hiltner,
1993; Goscombe & Hand, 2000) suggests that tectonic
coupling of the LHCS with the underlying metasedimen-
tary Tumlingtar Unit probably occurred during or after our
stage M4, following a tectonic event responsible of the
development of the main foliation. The downward heat
conduction from the hot LHCS onto the cold Tumlingtar
Unit is considered the cause of prograde metamorphism
recorded in the latter (Meier & Hiltner, 1993; Pognante &
Benna, 1993). Prograde dehydration reactions in this Unit
may be the source of the Type III aqueous fluid (Fig. 13).
It is interesting to note that the occurrence of an aqueous
fluid in equilibrium with the amphibolite-facies mineral as-
semblage defining the main schistosity is widespread in the
Annapurna region of the Nepal Himalaya (Pécher, 1978;
Pécher, 1979; Craw, 1990).

An influx of aqueo-carbonic fluids during an extensional
event (stage M5) caused both vein formation and strong
retrogression of the eclogite. A similar fluid was also re-
ported by previous authors in “late” veins and segrega-
tions from the western and central Himalaya (Leroy et al.,
1975; Pécher, 1979; Sauniac & Touret, 1983; Craw, 1990;
Boullier et al., 1991; Morrison & Oliver, 1993; Sachan
et al., 2001; Pandey & Virdi, 2003; Pandey et al., 2004;
Carosi et al., 2005). The origin of this fluid may be the
same invoked for Type III fluid inclusions, i.e. mixing of
CO; and H,O released from prograde reactions in the un-
derlying Tumlingtar Unit (Fig. 13). In fact, the metasedi-
mentary Tumlingtar Unit contains also carbonatic phyllites
and dolomite marbles (Andrews, 1985; Meier & Hiltner,
1993). In addition to dehydration reactions, the progres-
sive increase of temperature during metamorphism may
have induced decarbonation reactions in these lithologies.
Such an origin is in agreement with stable isotope data col-
lected on minerals and CO,-H;O fluid inclusions in quartz
lenses from the Annapurna region, that suggest fluid per-
colation from nearby formations (Boullier et al., 1991) and
are an evidence in favour of a Le Fort (1975)-type model
for the Himalayan inverse metamorphism, with cooling of
the MCT hanging wall and conductive heating of the foot-
wall. Similarly, the presumed origin for CO, in H,O-CO,
fluids found in quartz veins from the Kathmandu Klippe
is from metamorphic reactions involving the underlying
carbonate- and graphite-rich Benighat Slates (Morrison &
Oliver, 1993). Besides, other authors relate the influx of
CO;-H,0 fluids in central Himalaya with metamorphic re-
actions that produced degassing during movement along
the MCT (e.g. Pécher, 1978; Sachan et al., 2001; Kerrick &
Caldeira, 1999). A similar origin is also suggested for the
CO;-H,O0 fluid trapped at amphibolite—facies conditions in
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quartzite in the footwall of the Jakhri Thrust Zone, NW Hi-
malaya (Pandey & Virdi, 2003; Pandey et al., 2004).

Type V CO;-rich fluid found in both the eclogite and vein
may derive from the same source. The high amount of CO,
in the fluid may be due to an increase of CO, and/or a de-
crease of H,O influx from the underlying Tumlingtar Unit.

The last fluid that percolated through the granulitised
eclogites was an aqueous fluid. It is probably related to per-
colation of meteoric water at shallow levels (Fig. 13), as
usually observed in western and central Himalaya (Leroy
et al., 1975; Pécher, 1978; Sauniac & Touret, 1983; Craw,
1990; Boullier et al., 1991; Kerrick & Caldeira, 1999;
Sachan & Mukherjee, 2001; Sachan et al., 2001; Pandey &
Virdi, 2003; Pandey et al., 2004) and world-wide in meta-
morphic rocks (Yardley et al., 2000).

Conclusions

This fluid inclusion study has described, for the first time
in the Himalayan orogen, the evolution of the fluid phase
in continental rocks along a clockwise loop from HP-peak
conditions during subduction to metamorphic T-peak dur-
ing decompression and the to MT-LP conditions during
late stages of exhumation. The fluid phase evolution is
complex, but compatible with the P-T path of the Ama
Drime granulitised eclogites retrieved from microstructural
data, P-T pseudosections and conventional thermobarome-
try (Groppo et al., 2007). Such P-T path is characterised by
strong decompression (from 1.5-1.6 GPa to 0.4-0.5 GPa)
at high T, followed by nearly isobaric cooling from 750 °C
to 400 °C at low P. The low ay,( responsible for the growth
of the anhydrous mineral assemblage during the granulitic
stage M2 is related to the presence of pure CO; in the sys-
tem caused by preferential adsorption of H,O by granitic
partial melts in the host orthogneiss. Similarly, the influx
of aqueous fluids at LP-H/MT conditions produced an in-
crease of agpp and was responsible for the growth of hy-
drous minerals during stage M4. The aqueous nature of
the fluid phase at the eclogitic peak (stage M1) is con-
sistent with that reported at HP conditions in eclogites
from the western Himalaya (Tso-Morari; Sachan et al.,
1999), though these eclogites experienced a different post-
peak evolution (i.e. decompression under decreasing tem-
peratures in contrast to nearly isothermal decompression
in the eastern Himalaya eclogites). Also the presence of
mixed H,O-CO, fluids during amphibolite-facies condi-
tions (stage M5) is commonly reported in both western and
central Himalaya (e.g. Morrison & Oliver, 1993; Pandey
et al., 2004). On the other hand, the Ama Drime eclog-
ites do not show evidence for the fluid immiscibility found
in the Nanga Parbat (e.g. Poage et al., 2000) and Namche
Barwa (Craw et al., 2005) syntaxes that is clearly related to
recent and rapid uplift.

From a tectonic viewpoint, both fluid and metamorphic
evolutions suggest that the Ama Drime rocks, like the
Tso-Morari eclogites, experienced HP metamorphism dur-
ing subduction of Indian continental crust, though prob-
ably at lesser P. Unlike the Tso-Morari eclogites, where

strong evidence of decompression under decreasing tem-
peratures suggests exhumation along a cooling path, pos-
sibly by thrusting associated with accretion of the meta-
morphic pile onto the base of the overriding plate, the Ama
Drime eclogites ponded at intermediate crustal levels and
were subjected to thermal relaxation and consequent strong
granulite-facies overprinting. Further decompression ex-
humed the granulitised eclogites at shallow crustal levels,
where these rocks were partly hydrated to amphibolites and
finally isobarically cooled.
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