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ABSTRACT

Eclogites and related high- P metamorphic rocks occur in the Zaili Range of the Northern Kyrgyz Tien-
Shan (Tianshan) Mountains, which are located in the south-western segment of the Central Asian
Orogenic Belt. Eclogites are preserved in the cores of garnet amphibolites and amphibolites that occur in
the Aktyuz area as boudins and layers (up to 2000 m in length) within country rock gneisses. The
textures and mineral chemistry of the Aktyuz eclogites, garnet amphibolites and country rock gneisses
record three distinct metamorphic events (M1-M3). In the eclogites, the first MP-HT metamorphic
event (M 1) of amphibolite/epidote-amphibolite facies conditions (560-650 °C, 4-10 kbar) is established
from relict mineral assemblages of polyphase inclusions in the cores and mantles of garnet, i.e. Mg-
taramite + Fe-staurolite + paragonite & oligoclase (An<;s) £ hematite. The eclogites also record
the second HP-LT metamorphism (M2) with a prograde stage passing through epidote-blueschist facies
conditions (330-570 °C, 8-16 kbar) to peak metamorphism in the eclogite facies (550-660 °C, 21—
23 kbar) and subsequent retrograde metamorphism to epidote-amphibolite facies conditions (545—
565 °C and 10-11 kbar) that defines a clockwise P-T path. THERMOCALC (average P-T mode)
calculations and other geothermobarometers have been applied for the estimation of P-T conditions.
M3 is inferred from the garnet amphibolites and country rock gneisses. Garnet amphibolites that
underwent this pervasive HP-HT metamorphism after the eclogite facies equilibrium have a peak
metamorphic assemblage of garnet and pargasite. The prograde and peak metamorphic conditions of
the garnet amphibolites are estimated to be 600-640 °C; 11-12 kbar and 675-735 °C and 1415 kbar,
respectively. Inclusion phases in porphyroblastic plagioclase in the country rock gneisses suggest a
prograde stage of the epidote-amphibolite facies (477 °C and 10 kbar). The peak mineral assemblage of
the country rock gneisses of garnet, plagioclase (An;;_;4), phengite, biotite, quartz and rutile indicate
635-745 °C and 13-15 kbar. The P-T conditions estimated for the prograde, peak and retrograde stages
in garnet amphibolite and country rock are similar, implying that the third metamorphic event in the
garnet amphibolites was correlated with the metamorphism in the country rock gneisses. The eclogites
also show evidence of the third metamorphic event with development of the prograde mineral
assemblage pargasite, oligoclase and biotite after the retrograde epidote-amphibolite facies metamor-
phism. The three metamorphic events occurred in distinct tectonic settings: (i) metamorphism along the
hot hangingwall at the inception of subduction, (ii) subsequent subduction zone metamorphism of the
oceanic plate and exhumation, and (iii) continent—continent collision and exhumation of the entire
metamorphic sequences. These tectonic processes document the initial stage of closure of a palaeo-ocean
subduction to its completion by continent—continent collision.
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2006), the Kokchetav Massif (Dobretsov et al., 1995;

INTRODUCTION

Eclogites frequently occur as blocks in country rocks,
as described from the Western Gneiss Region (Smith,
1988; Engvik & Andersen, 2000), the Dora-Maira
Massif (Chopin, 1984; Compagnoni et al., 1995), the
Bohemian Massif (Medaris et al., 1998; Stipska et al.,
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Katayama et al., 2000), the Sambagawa belt (Takasu,
1984; Aoya, 2001), the Franciscan Complex (Ernst,
1971; Moore, 1984), the North Qaidam-Altun belt
(Song et al., 2003; Yang et al., 2005) and the Dabie—
Sulu terrane (Wang et al., 1989; Enami & Nagasaki,
1999; Liu et al., 2009). High-pressure (HP) and

317



318 R. T. OROZBAEV ET AL.

ultrahigh-pressure (UHP) mafic rocks and their coun-
try rocks generally have complex pressure—temperature
(P-T) histories. The presence of coesite and/or
diamond in both eclogites and surrounding gneisses in
the Dora-Maira Massif, Kokchetav Massif, the North
Qaidam and the Dabie-Sulu terranes demonstrates
that in these cases both rock types were carried to great
depths (more than 100 km), experiencing UHP
metamorphism together, and sharing their entire P—T
history. In contrast, tectonic blocks of HP mafic rocks
within metapelites are considered to result from tec-
tonic mixing, with juxtaposition at relatively lower
pressure. Examples are found in the Sambagawa belt
of Japan (Takasu, 1984, 1989; Miyagi & Takasu,
2005), the Franciscan Complex (Moore, 1984), the
Alanya nappes in Turkey (Okay, 1989), and the
Bohemian Massif in Eastern Europe (Stipska et al.,
20006). In these cases, the country rocks did not share
the prograde and peak P-T conditions of the eclogites,
but underwent only relatively low-P/T metamorphism
after their juxtaposition.

An alternative P-T path for HP mafic rocks and
country rock gneisses has been proposed. This has a
complex, so-called fi-shape metamorphic P-T path, as
seen in the Internal Penninic Nappes in the Western
Alps (Kurz & Froitzheim, 2002) and in the Snowbird
tectonic zone in the Canadian Shield (Baldwin et al.,
2007). The authors considered that P—T paths of this
type were created by two superimposed metamorphic
events, and that the latest event was accomplished
mainly by high-temperature and medium-pressure
amphibolite facies overprint, i.e. heating and simulta-
neous decrease in pressure.

In this study, we report a f-shape metamorphic P—T'
path from eclogites and garnet amphibolites exposed in
the Aktyuz area in the Zaili Range of Kyrgyz Tien-
Shan Mountains (Fig. 1), where the latest metamor-
phic event records relatively HP metamorphism. Tagiri
et al. (1995) estimated that the peak metamorphic
conditions of the Aktyuz eclogites were 600 °C and
>12 kbar. Orozbaev et al. (2007) proposed two
metamorphic events for the Aktyuz eclogites, i.e. a
pre-eclogitic, relatively medium-pressure and high-
temperature (MP-HT) metamorphic event of amphib-
olite facies conditions (560-650 °C, 4-10 kbar) and
high-pressure and low-temperature (HP-LT) eclogitic
metamorphic event with the prograde epidote-blues-
chist facies (330-570 °C, 8-16 kbar) and peak eclogite
facies (600-710 °C, 15-25 kbar) conditions.

New petrological and geothermobarometric evi-
dence for the peak conditions of the Aktyuz eclogites
and subsequent metamorphic history are obtained.
The P-T paths and metamorphic evolution of the
garnet amphibolites located at the margin of the
eclogite body, along with surrounding country rock
gneisses are discussed. We further suggest the occur-
rence of a third high-pressure and high-temperature
(HP-HT) metamorphic event after the second HP-LT
eclogitic metamorphic event. The P-T evolution of the

Aktyuz HP metamorphic rocks depicted by this study
reconstructs the entire tectonic sequence from incep-
tion of oceanic plate subduction to continent—conti-
nent collision, and thus is a typical example of the
history of a palaco-ocean closure in the Central Asian
Orogenic Belt (CAOB). This history includes the initial
stage of subduction of oceanic crust beneath the con-
tinental crust with development of MP-HT metamor-
phism, documenting inception of palaco-ocean closure;
subsequent HP-LT metamorphism and exhumation
within the subduction zone; and the completion of
palaco-ocean closure by continent—continent collision,
with accompanying HP-HT metamorphism and
exhumation of the entire metamorphic sequence.

GEOLOGICAL SETTING

Regional geology

The Tien-Shan (Tianshan) Mountains are located in
the CAOB, and extend for ~2500 km from Tajikistan,
through Kyrgyzstan, to north-west China (Sengor
et al., 1993; Windley et al., 2007). Several HP-UHP
metamorphic belts have been described in the Tien-
Shan Mountains (Fig. 1a). The Fan-Karategin HP-LT
metamorphic belt in South Tien-Shan of Tajikistan is
regarded as an ancient subduction—accretionary com-
plex (Volkova & Budanov, 1999). In the Chinese South
Tien-Shan, eclogites and blueschists have been
described from the western Tianshan HP-LT meta-
morphic belt (Gao et al., 1999; Klemd et al., 2002,
Gao & Klemd, 2003; Wei ef al., 2003; Lin & Enami,
2006; Zhang et al., 2007), and some of these eclogites
record UHP metamorphic conditions (Zhang et al.,
2005; Li et al., 2009). The South Central Tien-Shan
suture zone is regarded as a Late Devonian—Early
Carboniferous (346-332 Ma: Gao & Klemd, 2003)
and/or Permian—Triassic (233-226 Ma: Zhang et al.,
2007) collisional zone.

The Kyrgyz Tien-Shan Mountains extend from east
to west, separating the Kazakhstan plate to the north
and the Tarim plate to the south. They are divided into
three tectonic units; the Northern Tien-Shan, the
Central (or Middle) Tien-Shan and the Southern
Tien-Shan (Fig. 1a), bounded by major tectonic dis-
continuities including the Main Tectonic Line and the
Atbashy-Inylchek, Talas-Fergana and South Fergana
faults (e.g. Nikolaev, 1933; Burtman et al., 1996;
Bakirov & Maksumova, 2001; Bakirov et al., 2003).
HP-UHP metamorphic rocks occur at three localities
in the Kyrgyz Tien-Shan. The Makbal and Aktyuz
eclogite-bearing complexes occur within the Northern
Tien-Shan, and the Atbashy complex is located in the
Southern Tien-Shan (Fig. 1a) (Bakirov et al., 1974,
1998; Sobolev et al., 1986; Tagiri et al., 1995). Eclog-
ites in the Makbal complex experienced HP meta-
morphism with variable P-T conditions (Tagiri et al.,
1995; Bakirov et al., 2006), whereas coesite inclusions
within garnet in garnet-chloritoid-talc schists and
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Fig. 1. (a) Simplified tectonic map of the Tien-Shan Mountains. (b) Geological map of the Aktyuz area (after Bakirov et al., 2003).
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quartzites suggest UHP conditions (>25 kbar;
<600 °C) for the host rocks in the Makbal complex
(Tagiri & Bakirov, 1990; Bakirov et al., 1998; Ishida
et al., 2004; Tagiri et al., 2006; Bakirov et al., 2006).
The peak UHP metamorphism in the Makbal complex
is dated at 481 + 26 Ma (Togonbaeva et al., 2009).

Geology of the Aktyuz area

The other occurrence of eclogites in Northern Kyrgyz
Tien-Shan lies in the Aktyuz area (Bakirov, 1989;
Tagiri et al., 1995; Bakirov et al., 2003; Orozbaev
et al., 2007). It crops out in the Zaili Range of the
Northern Tien-Shan, and includes the Aktyuz For-
mation and the Kemin Series (Fig. 1b) (Bakirov, 1978;
Bakirov et al., 2003). The Aktyuz Formation consists
mainly of pelitic and granitic gneisses containing lenses
and layers of eclogite, garnet amphibolite and
amphibolite bodies (Fig. 2). The Kemin Series includes
the Kopurelisai, Kapchygai and Kokbulak Forma-
tions (Fig. 1b). The Kopurelisai Formation consists of
metagabbros, metabasalts, serpentinites and metapel-
ites, and these are probably constituents of an ophiolite
(Bakirov et al., 2003). The Kapchygai Formation is
composed of basic migmatites, amphibolites, meta-
gabbros, eclogites, serpentinites and talc schists. The
Kokbulak Formation consists of pelitic and carbona-
ceous migmatites, pelitic gneisses, siliceous schists and
marbles. The Kemin Series is intruded by granitic
rocks ranging from Upper Proterozoic to Upper
Palaeozoic in age (Kiselev, 1999; Bakirov et al., 2003;
Djenchuraeva et al., 2008).

Exposures of the Aktyuz Formation extend in E-W
to NE-SW directions over a length of more than
20 km, with a width up to 5 km. The Aktyuz Forma-
tion is covered by Upper Palaeozoic volcaniclastic
rocks in the north and northeast (Fig. 1b) (Bakirov,
1978; Bakirov et al., 2003). According to Bakirov et al.
(2003), the Aktyuz Formation is an allochthonous
nappe that was thrust over on the Kopurelisai For-
mation.

The Aktyuz Formation consists of various types of
gneisses containing intercalated layers and lenses of
eclogites, garnet amphibolites and amphibolites vary-
ing from 0.5 to 70 m in thickness and from 3 to 2000 m
in length (Fig. 2). The country rock gneisses consist of
alternating grey pelitic gneiss and red granitic gneiss.
The thickness of the interbedding of these gneisses
varies from a few centimetres to several metres, pro-
ducing rocks with migmatitic texture, and suggesting a
partial melting within the country rock gneisses.
Several granite-porphyry dykes intrude the Aktyuz
Formation. Eclogites are preserved in the central parts
of the garnet amphibolite bodies (Fig. 2). The eclogites
are massive, whereas the garnet amphibolites and
amphibolites in the margins of the bodies show a weak
foliation parallel to that of the surrounding gneisses.
Well preserved eclogites occur in the south-western
part of this area. This eclogite body is lenticular in
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Fig. 2. Geological map of the Aktyuz Formation and sample
locations.

form, and has a width of ~60 m and length of 500 m
(Fig. 2).

Bakirov & Korolev (1979) reported U-Pb zircon
ages of 2780 £+ 300 and 1820 £+ 180 Ma for Aktyuz
Formation gneisses and ages of 2550 + 250 to
1960 £+ 200 Ma from migmatites of the Kemin Series.
Kiselev et al. (1993) reported U-Pb zircon ages of
1720 £ 20 and 560 + 11 Ma for pelitic gneisses and
migmatites of the Kemin Series, respectively. The
above ages were obtained from zircon concentrates,
and thus the wide range of ages probably represents
the ages of both detrital and metamorphic zircon. A
Rb-Sr mineral isochron age of 749 + 14 Ma was
reported by Tagiri et al. (1995), and this was regarded
as the peak metamorphic age of the Aktyuz eclogite.
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The granite intrusion in the southwest of the Aktyuz
Formation has a SHRIMP zircon age of 416 Ma
(Konopelko et al., 2006), suggesting that metamor-
phism of the country rock gneisses was completed
before that time.

PETROGRAPHY

The mineral abbreviations used in the text, tables and
figures follow Whitney & Evans (2010) except for
Olg = oligoclase.

Eclogites

Samples of eclogites (KG-426, KG-427 & 03-18) de-
scribed in this study were collected from the inner part
of the eclogite-garnet amphibolite body (Fig. 2). The
eclogites are medium- to coarse-grained, and have
granoblastic texture (Fig. 3a). They consist mainly of
garnet, clinopyroxene, Na—Ca- & Ca-amphibole and
phengite, with minor plagioclase, epidote, paragonite,
quartz, K-feldspar, Na-amphibole (glaucophane),
biotite, chlorite, rutile, ilmenite, titanite and hematite.
Accessory amounts of apatite, staurolite and zircon
occasionally occur.

Garnet occurs as inclusions in clinopyroxene
(Fig. 3a) and as discrete grains in the matrix (Fig. 3-
a,b,d.e). Garnet grains are subhedral to anhedral, up to
2 mm in diameter, with zoning from pale red cores to
colourless rims. Garnet contains inclusions of Na—Ca-
amphibole and rare Na-amphibole (glaucophane),
clinopyroxene, paragonite, phengite, epidote, albite,
rutile, hematite, and quartz (Fig. 3a,d,e). Polyphase
inclusions with assemblages of Mg-taramite + Fe-
staurolite + paragonite £+ hematite, Mg-taramite +
Fe-staurolite + oligoclase (An - 4), paragonite + Fe-
staurolite + oligoclase (An-¢) and/or paragonite +
Fe-staurolite also occur in the core and the mantle of
garnet (Orozbaev et al., 2007). Garnet is partly re-
placed by aggregates consisting of Na—Ca-amphibole
and plagioclase (Ans_;3) (Fig. 3a,b) or by Na—Ca- and
Ca-amphiboles, chlorite and biotite along the rim and
cracks.

Clinopyroxene has three modes of occurrence.
The first (Cpx1) occurs as inclusions in garnet (e.g.
Fig. 3a.,d), the second (Cpx2) occurs in the matrix, and
the third (Cpx3) is a constituent of symplectites with
plagioclase (An, o) after Cpx2 (Fig. 3b,c). Cpx2 forms
subhedral prismatic crystals up to 10 mm (Fig. 3a,b.c)
containing inclusions of Na-, Na—Ca- and Ca-amphi-
boles (e.g. glaucophane, barroisite, Mg-katophorite,
winchite, actinolite and edenite), rutile, albite and
quartz (Orozbaev et al., 2007). Cpx3 + PI2 symplec-
tite also occurs as inclusions in porphyroblastic
amphibole (Amp3) in retrograded eclogites (e.g. sam-
ple 03-18; Fig. 3d).

Amphibole has three modes of occurrence. Ampl
forms inclusions in garnet, Cpx2 and Ph2, and has
been already described by Orozbaev et al. (2007).
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Amp2 (Na—-Ca & Ca-amphiboles) comprises discrete
grains in the matrix, and also occurs at the contact
between garnet and Cpx2 as a constituent of aggre-
gates consisting of amphibole and plagioclase after
garnet (Fig. 3a—c). Amp2 occurs as subhedral to
anhedral prismatic crystals up to 0.5 mm long, and at
the core has pleochroism of X’ = bluish green to
brownish green and Z’ = green to deep green; rims
have similar pleochroism but with slightly paler colour.
Amp3 (Na—Ca and Ca-amphiboles) occurs as subhe-
dral to euhedral porphyroblasts up to 3 mm across in
severely amphibolitized eclogites (sample 03-18;
Fig. 3d,e). It contains Cpx2, garnet, phengite, epidote,
rutile and ilmenite as inclusions (Fig. 3d,e). This
amphibole also contains aggregates of Cpx3 + PI2
(Fig. 3d) as inclusions. Amp3 occasionally occurs as
small euhedral prismatic grains near plagioclase and
biotite symplectites (Fig. 3f). Amp3 is sometimes
replaced by biotite or chlorite at its margins.

Phengite (Phl) and paragonite (Pgl) inclusions in
garnet have been described by Orozbaev et al. (2007).
Ph2 grains reaching 1.5 mm across coexist with garnet
and Cpx2 in the matrix of eclogites (Fig. 3a). The rim
of Ph2 grains are replaced by a symplectitic aggregate
consisting of biotite and plagioclase (An;;_»») (Fig. 3f).
Phengite (possibly Ph2) inclusions up to 0.4 mm across
occur within Amp3 (Fig. 3d,e). Pg2 has a maximum
size¢ of 0.5 mm, and occasionally coexists with
Ph2 in the matrix. Biotite is a constituent of
biotite + plagioclase symplectite after Ph2 (Fig. 3f).

Plagioclase occurs in three modes. PlIl (Ang i6)
occurs as inclusions in garnet and Cpx2 (Orozbaev
et al., 2007). P12 in the matrix is optically and chemi-
cally zoned, from Ans ¢ in the core to Anjg»; in the
rim (Fig. 3e). Also, PI2 is a constituent of symplectites
with Cpx3 or Amp2 (Fig. 3b,c). P13 is a constituent of
symplectite with biotite after Ph2 (Fig. 3f).

Epidote occurs as inclusions in garnet (Epl) and as
subhedral to euhedral prismatic grains up to 0.5 mm
across in the matrix (Ep2) (Fig. 3¢). Ep2 is zoned with
pale brownish Sr and REE-rich cores to colourless Sr
and REE-poor rims. Ep2 occasionally occurs as
inclusions in Ph2 (Fig. 3f) and Amp3 (Fig. 3d.e).
Rutile occurs as inclusions in garnet and Cpx2, and
rutile in the matrix is occasionally surrounded by
titanite or ilmenite.

Garnet amphibolite

Garnet amphibolite occurs in the margins of the
eclogite-garnet amphibolite body (sample 03-17;
Fig. 2), and consist mainly of amphibole, garnet, pla-
gioclase and chlorite with minor biotite, K-feldspar,
quartz, ilmenite, titanite, rutile, calcite and apatite. A
weak schistosity defined by preferred orientation of
amphibole is developed at the margin of the body, with
orientation parallel to that of the surrounding gneisses.

Garnet consists mostly of subhedral grains up to
0.5 mm across (Fig. 4b,c) occurring in the matrix, and
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Amp2+PI2

Fig. 3. Photomicrographs and backscattered electron images (BEI) showing textures in the eclogites. (a) Garnet is included within
Cpx2. Garnet, Cpx2 and Ph2 coexist in the matrix. Ampl is included within Ph2, whereas Amp2 is developed between garnet and Cpx2
(KG-426; open nicol); (b) Cpx3-P12 symplectites after Cpx2. Amp2 is developed at the boundary between garnet and Cpx2 (KG-426;
BEI); (c) Retrograde mineral assemblages of Ep2, Amp2, Ph2 and symplectite of Cpx3 + PI2 after Cpx2, define a weak schistosity
(KG-427; BEI); (d) Porphyroblastic Amp3 containing garnet, Cpx2, Ph2, Ep2, P12 and symplectitic aggregate of Cpx3 + PI2 as
inclusions (03-18; BEI); (¢) Amp3 containing inclusions of garnet, Cpx2, Ph2, Ep2 and P12, and showing zoning from Mg-taramite core
to pargasite rim. The rim of Amp3 coexists with the rim of P12 (Anjs). Garnet contains Ampl and P11 inclusions (03-18; BEI); (f)
Symplectite of Bt+ P13 is developed after Ph2; euhedral prismatic Amp3 occurs nearby (KG-427; BEI).
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0.1 mm KG-432

Fig. 4. Photomicrographs and BEI showing the textures in garnet amphibolites (a—c) and pelitic gneisses (d—f). (a) Amp2 in the
matrix contains garnet and rutile inclusions and it is zoned from Mg-hornblende core to pargasite rim. Amp2 coexists with atoll garnet.
Amp?2 fills the interior of atoll garnet and is later replaced by biotite and plagioclase (03-17; BEI); (b) Garnet (with Amp1 and rutile in
the mantle) and atoll garnet (with Amp2 in the core) coexisting with Amp2 in the matrix (03-17; BEI); (c) Garnet is replaced by
chlorite, K-feldspar and plagioclase (03-17; BEI); (d) Plagioclase, Ep2, Ph2 and Bt2 in the matrix of the pelitic gneisses (KG-432; open
nicol); (e) Garnet containing inclusions of quartz occurs with Ph2, plagioclase and Bt2 in the matrix (03-37; open nicol); (f) Por-
phyroblastic plagioclase containing Phl, Epl, Kfsl, Btl, Mg-hornblende and titanite as inclusions (KG-432; open nicol).
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containing inclusions of Ca-amphibole, rutile and
quartz. Garnet occurs also as inclusions in
Ca-amphibole (Fig. 4a) and as atoll garnet with inte-
riors filled by Ca-amphibole (Fig. 4a-c). Garnet is
partly replaced by chlorite, K-feldspar and biotite at
the rim and along cracks (Fig. 4c).

Amphibole has two modes of occurrence. Ampl
(Ca-amphibole) is represented by subhedral prismatic
crystals up to 0.1 mm across occurring as inclusions in
garnet (Fig. 4b). Amp2 (Ca-amphibole) consists of
subhedral prismatic crystals up to 1 mm within the
matrix (Fig. 4a—c), and exhibits zoning with X’ = pale
green and Z’ = pale brownish green cores to
X’ = bluish-green and Z’ = green rims. It contains
inclusions of garnet, rutile and ilmenite, and is replaced
by chlorite and biotite along its rims. Amp2
(Ca-amphibole) occurs also in the interior of atoll garnet
(Fig. 4a—), and is replaced by any combination of
chlorite, plagioclase, biotite and K-feldspar (Fig. 4a).

Plagioclase (An;,_;g) and K-feldspar (Orgg_g9) grains
up to 0.5 mm across replace garnet and Amp2
(Fig. 4a—c). Biotite (up to 0.5 mm) replaces garnet and
Amp?2 (Fig. 4a,b). Rutile occurs as inclusions in garnet
and Amp2 (Fig. 4a,b), and rutile in the matrix is par-
tially or completely replaced by ilmenite or titanite.

Country rock gneisses

Pelitic gneisses

The pelitic gneisses (samples 03-37, KG-430 & KG-
432) consist mainly of plagioclase, phengite, biotite and
quartz with minor garnet, epidote, chlorite, K-feldspar,
Ca-amphibole, apatite, calcite, rutile, titanite, ilmenite,
hematite and zircon. Preferred orientation of phengite
and biotite define a schistosity (Fig. 4d).

Garnet occurs as inclusions in plagioclase and
phengite (sample 03-37), and as discrete grains in the
matrix. Garnet occurs as subhedral to euhedral crystals
up to 1.5 mm across (Fig. 4e), and exhibits zoning
from pale red cores to colourless rims. Garnet contains
inclusions of quartz, phengite, rutile, apatite and rare
zircon, and is partly or entirely replaced by chlorite,
biotite and epidote.

Plagioclase occurs as subhedral prismatic grains up
to 4 mm across containing inclusions of quartz, epi-
dote, phengite, K-feldspar, biotite, Ca-amphibole,
apatite, titanite, rutile and ilmenite (Fig. 4f). Ca-
amphibole (e.g. Mg-hornblende) occurs locally as
inclusions in plagioclase.

Phengite (Phl) inclusions occur within porphyro-
blastic plagioclase (Fig. 4f; samples 03-37 & KG-432),
garnet (sample KG-430), and occasionally in zircon.
Ph2 grains up to 2 mm across containing inclusions of
epidote, garnet, quartz, rutile and zircon occur in the
matrix (Fig. 4d,e). Ph2 is occasionally replaced by
chlorite and biotite at its rim. Biotite occurs in two
modes. Btl occurs as inclusions in porphyroblastic
plagioclase (Fig. 4f). Bt2 forms discrete grains up to

1 mm in the matrix (Fig. 4d,e) and replaces garnet and
Ph2.

Epidote occurs both as inclusions (Epl) in plagio-
clase (Fig. 4f) and Ph2, and as discrete grains (Ep2) in
the matrix (Fig. 4d). Rutile is surrounded by ilmenite
or titanite. Zircon is found as subhedral to euhedral
prismatic crystals up to 0.2 mm long, containing
inclusions of quartz, apatite, Phl, epidote, K-feldspar,
biotite and chlorite.

Granitic gneisses

Granitic gneisses (samples 03-57 & KG-431) consist
mainly of K-feldspar, plagioclase and quartz with
minor biotite, garnet, chlorite, ilmenite, hematite and
zircon. K-feldspar (up to 1 mm) and plagioclase (up to
1.5 mm) in the matrix contain rare inclusions of quartz
and zircon. Garnet occurs as subhedral to anhedral
grains up to 1 mm across, containing quartz and rare
biotite inclusions. Garnet is replaced by biotite and
chlorite. Zircon occurs as subhedral to euhedral pris-
matic grains up to 0.2 mm long, and it contains inclu-
sions of quartz, apatite, phengite, K-feldspar, albite
(An <»), biotite, chlorite, rutile, titanite and ilmenite.

MINERAL CHEMISTRY

Analytical procedures

Mineral compositions were determined using an elec-
tron probe microanalyser (JEOL JXA-8800M) at the
Department of Geoscience, Shimane University. The
analytical conditions used for all minerals were a
15 kV accelerating voltage, 20 nA beam current and
5 um beam diameter. Corrections were carried out
using the procedures of Bence & Albee (1968). Minute
mineral inclusions (<5 pum) in zircon separated from
the country rock gneisses were examined by Raman
spectroscopy at the Department of Earth and Plane-
tary Materials Science, Tohoku University. Ferric iron
contents in garnet and clinopyroxene were estimated
on the basis of charge balance [Fe’" = 8 — 2Si — 2
Ti — Al (for garnet)]; [Fe*" = 4 — 2Si — 2Ti — Al +
Na (for clinopyroxene)]. Jadeite, aegirine and augite
contents (mol.%) in clinopyroxene were estimated as
Jd = AV * 100, Aeg = Na — Jd or Aeg = Fe’ * | if
(Na —Jd)=2Fe* ", and Aug = 100 — (Jd + Aeg),
respectively. Ferric iron contents in amphibole were
estimated as total cations 13 = Si + Al + Ti +
Cr + Mg + Fe + Mn [(for O = 23; 13eCNK
method of Schumacher, in Leake et al. (1997)], except
for amphibole from garnet amphibolite (sample 03—
17).

Garnet

Garnet in the eclogites, garnet amphibolites and
country rock gneisses has almandine-rich composition
with variable spessartine components (Table 1;
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Table 1. Representative compositions of garnet.

Rock type Eclogites Garnet amphibolite Pelitic gneiss Granitic
gneiss
Sample KG-426 KG-427 03-18 03-17 KG-430 03-37 03-57
Mode core rim rim  o-rim  core rim core rim core mantle rim rim rim core rim core rim o-rim  core rim
SiO, 37.62  37.66 38.19 38.10 38.05 37.83 3839 3720 38.12 36.87 37.80 38.24 38.35 38.57 38.23 3742 37.53 37.25 37.77 36.59 37.39 37.28
TiO, 0.03 0.02  0.00 0.00 0.02 0.12 0.04 0.12 0.02  0.02 0.40 0.09 0.04 0.07 0.07 0.13 0.07 011 0.10 0.03 012 0.30
AlLO; 21.62  20.54 21.37 21.55 21.41 20.82 21.20 21.32 21.71 21.01 2140 2136 21.80 21.53 21.32 20.45 20.88 20.38 20.25 2022 20.46 19.81
FeO* 28.64 2837 27.02 2680 28.01 29.79 2729 27.00 27.97 29.70 2631 28.57 28.66 28.57 2831 24.16 2629 26.17 27.13 18.67 24.62 24.08
MnO 0.21 239 029 025 0.32 0.19 0.83 1.13 028 1.27 0.64 0.75 0.79 0.75 039 598 3.8 621 344 1528 6.54 257
MgO 4.48 1.82 578 6.32 5.50 1.62 3.42 1.27 399 421 3.99 3.74 591 5.11 349 143 231 093 140 094 0.14  0.17
CaO 7.60 9.76  6.89  6.52 6.70 9.99 9.51 1213 8.88 5.87 9.68 8.17 5.19 6.21 8.55 10.07 878 8.64 957 7.66 1127 15.15
Total 100.20 100.56 99.54 99.54 100.01 100.36 100.68 100.17 100.97 98.95 100.22 100.92 100.74 100.81 100.36 99.64 99.44 99.69 99.66 99.39 100.54 99.36
O =12
Si 2.95 299 299 297 2.97 3.01 3.00 2.95 297 295 2.96 2.99 2.98 3.00 3.00 3.00 3.00 3.01 303 297 299 299
Ti 0.00 0.00  0.00 0.00 0.00 0.01 0.00 0.01 0.00  0.00 0.02 0.01 0.00 0.00 0.00 0.0 0.00 0.01 0.0 0.00 0.0 0.02
Al 2.00 1.92 197 198 1.97 1.95 1.96 1.99 1.99 1.98 1.97 1.97 1.99 1.97 198 193 197 194 192 193 193  1.87
Fe*' 0.10 0.10  0.05 0.07 0.08 0.02 0.03 0.09 0.07 0.13 0.06 0.04 0.05 0.01 0.01 0.05 0.02 004 0.01 0.13 0.07 0.10
Fe?* 1.77 1.78 1.72  1.68 1.75 1.96 1.76 1.70 175 1.86 1.66 1.82 1.81 1.85 185 1.57 173 1.73 181 1.14 1.57 151
Mn 0.01 0.16  0.02 0.02 0.02 0.01 0.05 0.08 0.02  0.09 0.04 0.05 0.05 0.05 003 041 024 042 023 1.05 0.44  0.17
Mg 0.52 022 0.67 0.73 0.64 0.19 0.40 0.15 0.46  0.50 0.47 0.44 0.68 0.59 041 017 028 0.11 0.17 0.11 0.02  0.02
Ca 0.64 0.83  0.58 0.54 0.56 0.85 0.80 1.03 0.74  0.50 0.81 0.68 0.43 0.52 072 086 0.75 075 0.82 0.67 0.97 1.30
Total 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00  8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00

o-rim, outermost rim. Na (<0.08 wt%), K (<0.07 wt%) and Cr (<0.05 wt%) contents are negligible.

“Total Fe as FeO.

Fig. 5a). The garnet of the eclogites displays prograde
zoning, i.e. Mn (0.16-0.01 p.f.u.) decreases continu-
ously from core to rim, and increases slightly at the
outermost rim (0.02 p.f.u.), whereas Mg increases
continuously from core (0.17 p.f.u.) to rim (0.75 p.f.u.),
with slight decrease at the outermost rim (0.64 p.f.u.)
(Fig. 5b,c). Fe? * (1.78-2.01 p.f.u.) and Ca (0.96-1.04
p.f.u.) contents increase slightly from core to mantle,
and then decrease continuously to the rim (Fe*" =
1.69 p.fu. and Ca = 0.55 p.fu.). The Xg. = Fe/
(Fe + Mg) ratio is almost homogeneous from core to
mantle, and then decreases towards the rim.

The composition of garnet in the garnet amphibo-
lites varies within the range Mn = 0.02-0.08 p.f.u.,
Mg = 0.36-0.74 p.fu., Ca = 0.44-091 p.fu. and
Fe*" = 1.61-1.98 p.f.u (Table 1; Fig. 5a). Generally,
Mg and Fe® * increase and Ca decreases discontinu-
ously from core to rim. Mn is relatively homogeneous.
X continuously decreases from core to rim (0.81-0.72
p.fu.). Atoll garnet is slightly richer in Mg and poorer
in Ca than complete garnet (Fig. 5a).

The chemical compositions of the garnet vary
slightly in the pelitic and granitic gneisses (Fig. 5a).
Garnet in the pelitic gneisses has a composition of Mg
(0.11-0.31 p.f.u.), Ca (0.52-0.82 p.fu.), Fe* * (0.83—
0.94 p.f.u.) and Mn (0.13-0.88 p.f.u.). Xg. continu-
ously decreases from core to rim (0.94-0.86 p.f.u.). In
the outermost rims of some garnet (e.g. sample 03-37)
Mn contents are extremely high (up to 1.10 p.fu.),
with Mg = 0.12, Ca = 0.68 and Fe*" = 1.05 p.f.u.
Manganese enrichment at the rims of garnet is well
documented (e.g. Tracy, 1982), and results from Mn
diffusion during retrograde metamorphism. Garnet of
the granitic gneiss has very low Mg contents (<0.02
p.fu) with Fe* © (1.50-1.57 p.fu.), Mn (0.18-0.44)
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and Ca (0.97-1.30). X, is homogeneous from core to
rim (0.98-0.99 p.f.u.).

Clinopyroxene

Clinopyroxene in the eclogites is classified as ompha-
cite and aegirine-augite (Morimoto, 1988) (Table 2;
Fig. 6). Cpxl1 inclusions in garnet are omphacite, and
have been described by Orozbaev et al. (2007). Por-
phyroblastic Cpx2 is classified as omphacite, is zoned
with increasing jadeite content from core (Jd,;-
AegrgAugs;) to the mantle (JdspAegisAugsg) before
decreasing slightly at the rim (JdsAeg;sAug,s). Some
Cpx2 crystals are zoned, with jadeite contents
decreasing from core (Jd4AegpAugy;) to rim
(JdrzAegigAuggr). Cpx3 in the symplectite with P12 is
omphacite and aegirine-augite, and jadeite contents
vary from 9 to 20 mol%, whereas aegirine and augite
contents range from 10 to 22 mol% and from 55 to
75 mol%, respectively.

Amphibole

Amphibole in the eclogites consists mainly of
Na—Ca-amphibole and Ca-amphibole with minor
Na-amphibole (Leake et al., 1997) (Table 3; Fig. 7).
Orozbaev et al. (2007) have already described Ampl as
inclusions in both garnet and Cpx2 of eclogites (glau-
cophane, Mg-taramite, Mg-katophorite, barroisite,
taramite, winchite, actinolite and edenite). Amp2 in the
matrix of the eclogites is zoned, with mainly Mg-
taramite and rare taramite cores to Fe-pargasite or
pargasite/Mg-hastingsite rims (Figs 3e & 7). Amp2 as
a constituent of Amp2 + PI2 has an Mg-taramite
composition, whereas those replacing Cpx3 in
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Fig. 5. (a) A Mn—-Mg—Ca—Fe? * diagram showing chemical composition of garnet; (b) and (c) chemical zoning pattern (rim—rim

and core-rim) of garnet crystals from the eclogites.

symplectites of Cpx3 + PI2 is Mg-hastingsite. Por-
phyroblastic Amp3 is zoned from Mg-taramite in the
core to Mg-hastingsite or Fe-pargasite in the rim.
The ferric iron estimation for amphibole was per-
formed as total cations 13 = Si + Al + Ti + Cr +
Mg + Fe + Mn (for O = 23; 13¢CNK method of
Schumacher, in Leake et al., 1997), which gives the
maximum ferric iron estimate in amphibole. Applying
the same method to amphibole in garnet amphibolites
yields an unusual ‘barroisite’ composition with Si =
6.02-6.44 p.fu, Nag = (Na in the M4 site
of amphibole) = 0.51-0.76, (Na + K)o = 0.14-0.36
and Xy, = Mg/(Mg + Fe> ©) = 0.65-0.75 which
does not fall within any of the amphibole nomencla-
ture classifications proposed by Leake et al. (1997).
Similar amphibole compositions were mentioned by
Enami & Nagasaki (1999) from kyanite eclogites in
the Sulu province (China). Nevertheless, the site
assignment shown in fig. A-1 of Leake et al. (1997)

makes it possible to define the limits of the stoichi-
ometry of amphibole in garnet amphibolite, and all
ferrous iron formulae calculated on the basis of 23
oxygen satisfy all six criteria [Si <8, > Ca <15 and
> K <16 (minimum ferric iron) and > Al>38,
> Mn 2 13 and Y Na > 15 (maximum ferric iron)].
Therefore, this offers no constraint on the ferric iron
estimation, because there are no violations of the
criteria Si < 8, > Ca < 15 and Y K < 16 (Leake et al.,
1997; Schumacher, 1991; Holland & Blundy, 1994).
Amphibole in garnet amphibolites, taking all iron as
Fe? T, is classified as Mg-hornblende, edenite and
pargasite/Fe-pargasite. Ampl included within garnet
is pargasite or Fe-pargasite. Amp2 in garnet
amphibolites exhibits zoning from Mg-hornblende
and/or edenite cores to pargasite/Fe-pargasite rims
(Fig. 7). Amphibole included within porphyroblastic
plagioclase in the pelitic gneisses is Mg-hornblende
(samples KG-432).

© 2010 Blackwell Publishing Ltd
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Table 2. Representative compositions of clinopyroxene in eclogites.

Sample KG-426 KG-427 03-18
Mineral Cpxl Cpx1 Cpx2 Cpx2 Cpx2 Cpx3 Cpx3 Cpx1 Cpx2 Cpx2 Cpx3 Cpxl Cpx2 Cpx3
Mode core mantle rim core rim
SiO, 55.41 54.42 54.30 55.47 55.04 53.13 53.85 55.21 54.27 52.54 53.00 53.06 54.92 52.75
TiO, 0.07 0.04 0.04 0.05 0.10 0.05 0.10 0.12 0.08 0.08 0.15 0.09 0.12 0.08
AlLO5 11.11 8.52 9.02 12.63 10.96 8.05 7.41 8.93 10.59 7.30 6.05 8.80 10.29 5.58
FeO* 8.14 11.23 10.51 6.17 7.40 10.10 8.36 8.48 7.94 10.27 10.25 11.46 8.37 10.41
MnO 0.06 0.08 0.01 0.05 0.06 0.06 0.02 0.00 0.00 0.02 0.11 0.13 0.08 0.06
MgO 6.29 6.23 6.06 5.89 6.55 7.94 8.79 8.00 6.68 8.09 8.91 6.51 6.38 8.72
CaO 10.42 11.38 10.34 9.40 11.20 15.00 15.32 13.29 11.95 15.61 16.40 13.68 11.73 16.65
Na,O 8.29 7.69 8.57 9.33 8.27 5.29 5.67 6.46 7.62 5.51 5.02 6.67 7.36 4.48
Total 99.79 99.59 98.85 98.99 99.58 99.62 99.52 100.49 99.13 99.42 99.89 100.40 99.25 98.73
O=6
Si 1.98 1.97 1.97 1.97 1.96 1.94 1.95 1.98 1.96 1.92 1.94 1.92 1.99 1.96
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.47 0.36 0.38 0.53 0.46 0.35 0.32 0.38 0.45 0.31 0.26 0.38 0.44 0.24
Fe’ ™ 0.15 0.23 0.28 0.17 0.18 0.14 0.17 0.11 0.17 0.22 0.21 0.25 0.10 0.15
Fe? ™ 0.10 0.11 0.04 0.01 0.04 0.17 0.09 0.15 0.07 0.09 0.10 0.10 0.16 0.17
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.33 0.34 0.33 0.31 0.35 0.43 0.48 0.43 0.36 0.44 0.49 0.35 0.34 0.48
Ca 0.40 0.44 0.40 0.36 0.43 0.59 0.60 0.51 0.46 0.61 0.64 0.53 0.45 0.66
Na 0.57 0.54 0.60 0.64 0.57 0.38 0.40 0.45 0.53 0.39 0.36 0.47 0.52 0.32
Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
K (<0.05 wt%) and Cr (<0.08 wt%) contents are negligible.
“Total Fe as FeO.

p-f.u. and Xy, of 0.83-0.94, with a small amount of the

margarite component (Ca = 0.02-0.04 p.f.u.).

Phl included within garnet and porphyroblastic
plagioclase in the pelitic gneisses has Si content ranging
from 6.29 to 6.69 p.f.u. with Xy, = 0.03-0.09. Phl
inclusions in zircon separated from both the pelitic and
granitic gneisses has Si contents of 6.63—6.85 p.f.u.
(Xna = 0.01-0.04) and 6.26-6.88 p.f.u. (Xn, = 0.01-
0.03), respectively. Si contents in Ph2 in the matrix of
the pelitic gneisses range from 6.29 and 6.67 p.f.u.
(Xna = 0.06-0.08), and decrease from core to rim.

Omphacite Aegirine-augite
%0 Feldspar
20
% Jadeite Aegirine 0 The composition Qf PIl (Ang j6) in the eclogites has
- already been described by Orozbaev et al. (2007). P12
0 in the eclogites is zoned from albite in the cores (Ansz_o)
Jd 0 10 20 30 40 50 60 70 80 90 100 Ae =

@ Inclusions in garnet (Cpx1) O Porphyroblastic (Cpx2)
v Symplectites (Cpx3)

Fig. 6. Chemical compositions of clinopyroxene.

White mica

Compositions of Phl and Pgl inclusions in garnet of
the eclogites have been already described by Orozbaev
et al. (2007). Ph2 in the eclogites is zoned from core to
rim, with Si decreasing from 6.66-6.79 to 6.15-6.30
p.fu. (O = 22) and Xn. = Na/(Na + K) increasing
from 0.03-0.11 to 0.15-0.21 (Table 4; Fig. 8). Occa-
sionally, the outermost rims of Ph2 have Ms compo-
sition  (Si = 5.96-6.09 p.fu, Xn. = 0.25-0.38)
(Fig. 8). Pg2 in the matrix has Si contents of 5.81-5.95
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to oligoclase in the rims (An;o_»;). P12 as a constituent
of symplectite after omphacite is albite (An, o).
P12 replacing the rims of garnet has a composition of
Ans_;3, whereas P13 in symplectite consisting of biotite
after phengite is oligoclase (Anj;_»,). K-feldspar
(Org7_9g) occasionally occurs as inclusions in garnet of
the eclogites.

In the garnet amphibolites, feldspar replacing
amphibole in the interior of atoll garnet is oligoclase
(Anjp_13) and K-feldspar (Orgg g9). In the pelitic
gneisses, the anorthite content of plagioclase increases
from cores (An;) to rims (An;g). Feldspar in the gra-
nitic gneisses is albite (Ang_s) and K-feldspar (Org,_97).

Other minerals

The Xps = Fe® © /(Al + Fe* ) content of Epl
included within garnet in the eclogites ranges from
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Table 3. Representative compositions of amphibole.

Rock type Eclogite Garnet amphibolite Pelitic gneiss
Sample KG-426 KG-427 03-18 03-17 KG-432
Mineral Ampl Amp2  Amp2 Amp2 Amp2 Amp2 Amp3 Amp2 Amp2 Amp3 Amp3  Ampl Amp2  Amp2 Amp2  Amp2 Amp
Mode core rim core rim rim rim inc
SiO, 44.47 40.92 42.11 39.68 40.89 40.23 41.56 41.25 40.79 43.43 39.66 43.94 44.37 42.67 42.75 43.06 49.88
TiO, 0.61 0.10 0.44 0.07 0.91 0.33 0.66 0.63 0.36 0.75 0.54 0.45 0.40 0.52 0.65 0.61 0.02
AlLO5 14.07 14.77 15.23 13.70 15.00 13.56 14.92 14.26 12.53 14.07 15.56 15.58 12.42 14.90 15.24 15.06 4.05
FeO* 14.48 18.73 14.65 21.21 16.15 17.22 14.52 17.65 18.72 16.79 18.91 14.05 16.71 15.82 16.04 16.86 16.18
MnO 0.03 0.00 0.04 0.10 0.06 0.12 0.03 0.14 0.20 0.11 0.14 0.07 0.29 0.17 0.20 0.21 0.82
MgO 9.80 8.54 10.10 8.05 8.82 9.72 10.29 8.30 9.00 8.79 7.61 10.76 11.74 9.64 9.74 8.89 12.54
CaO 7.47 8.80 8.25 9.94 9.11 10.35 9.54 9.13 10.26 7.97 10.02 9.58 8.36 9.41 8.34 9.01 11.41
Na,O 491 4.42 4.78 3.57 3.98 3.37 3.92 3.63 2.82 4.31 3.39 2.73 2.35 2.90 3.29 2.94 1.19
K>,O 0.74 0.99 0.85 1.53 1.27 1.13 1.28 1.07 1.46 0.64 1.54 0.25 0.23 0.31 0.30 0.34 0.38
Total 96.58 97.27 96.45 97.85 96.19 96.03 96.72 96.06 96.14 96.86 97.37 97.41 96.87 96.34 96.55 96.98 96.47
0 =23

Si 6.55 6.13 6.24 6.02 6.18 6.12 6.20 6.25 6.23 6.43 6.02 6.44 6.61 6.40 6.39 6.43 7.40
Ti 0.07 0.01 0.05 0.01 0.10 0.04 0.07 0.07 0.04 0.08 0.06 0.05 0.05 0.06 0.07 0.07 0.00
Al 2.44 2.61 2.66 245 2.67 243 2.62 2.55 2.26 245 2.78 2.69 2.18 2.64 2.69 2.65 0.71
Fe’* 0.42 0.82 0.61 0.92 0.39 0.66 0.40 0.57 0.71 0.64 0.51 0.00 0.00 0.00 0.00 0.00 0.44
Fe? ™ 1.36 1.53 1.21 1.77 1.66 1.53 1.41 1.66 1.68 1.44 1.89 1.72 2.08 1.98 2.01 2.11 1.57
Mn 0.00 0.00 0.00 0.01 0.01 0.02 0.00 0.02 0.03 0.01 0.02 0.01 0.04 0.02 0.03 0.03 0.10
Mg 2.15 1.91 223 1.82 1.99 2.20 2.29 1.87 2.05 1.94 1.72 2.35 2.61 2.16 2.17 1.98 2.77
Ca 1.18 1.41 1.31 1.61 1.48 1.69 1.53 1.48 1.68 1.26 1.63 1.50 1.33 1.51 1.34 1.44 1.81
Na 1.40 1.28 1.37 1.05 1.17 0.99 1.13 1.07 0.84 1.24 1.00 0.78 0.68 0.84 0.95 0.85 0.34
K 0.14 0.19 0.16 0.30 0.25 0.22 0.24 0.21 0.28 0.12 0.30 0.05 0.04 0.06 0.06 0.06 0.07
Total 15.72 15.88 15.84 15.96 15.89 15.90 15.90 15.75 15.80 15.62 15.92 15.58 15.62 15.67 15.70 15.63 15.23

inc, inclusions in porphyroblastic plagioclase. Cr contents of analysed amphibole in eclogite, garnet amphibolite and pelitic gneisses are negligible (<0.06 wt%).

“Total Fe as FeO.
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Fig. 7. Chemical compositions of amphibole. Ampl compositions from Orozbaev et al. (2007) are also included.

0.19 to 0.23. Ep2 in the matrix of the eclogites has
Xps = 0.17-0.22. Epl and Ep2 in the country rock
of 0.18-0.28 and 0.24-0.28,

gneisses

have Xp,

respectively. Ep2 in both the eclogites and the country
rock gneisses is occasionally zoned, from REE-bear-
ing cores to REE-free rims. Xy, = Mg/(Fe + Mg)
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Table 4. Representative compositions of mica and chlorite.
Rock type Eclogite Garnet Pelitic gneiss

amphibolite
Sample KG-426 KG-427 03-18 03-17 KG-432 KG-430 03-37
Mineral Ph2 Ph2 Ph2 Ph2 Pg2 Ph2 Ph2 Ph2 Ph2 Chl Bt Phl Ph2 Chl Bt2 Phl Ph2 Ph2 Bt2 Ph2 Bt2
Mode core core  mantle o-rim core rim core rim core rim
SiO, 48.34 4821 48.23 43.39 4518 4840 4584 4879 46.69 2580 3583 4731 46.78 38.05 36.37 4599 46.82 4538 36.35 46.32 36.24
TiO, 0.26 0.28 0.66 0.12 0.12 0.25 1.02 0.38 0.77 0.14 0.83 0.88 0.93 0.80 1.74 0.87 1.19 1.22 2.57 1.14 241
ALO5 2717 2656 3094  36.17 39.27 27.15 29.60 27.11 2892 21.13 1744 2475 2448 14.09 13.82 30.52 27.39 2921 1595 27.11 1553
Cr,04 0.00  0.00 0.00 0.01 0.00 000 000 0.00 003 007 002 000 000 000 0.00 000 0.01 0.01  0.00 001 0.00
FeO* 2.88 2.85 1.98 1.69 0.74 3.36 3.48 4.16 4.16 19.81 19.20 6.38 6.14 15.81 16.79 4.69 4.31 5.67 18.55 6.42 2228
MnO 0.00  0.00 0.00 0.00  0.00 0.00 001 000 000 0.14 0.11 0.08 005 058 063 013 008 008 039 0.04 047
MgO 3.27 3.30 2.30 0.37 0.18 3.04 222 2.96 246 1921 11.14 2.80 272 1393 12.86 1.69 2.36 1.95 10.81 2.02 9.42
CaO 0.00  0.00 0.02 0.00  0.21 0.00 005 000 003 002 003 004 000 002 000 0.04 000 007 0.02 000 0.09
Na,O 072 0.46 1.11 225 693 053 072 063 041 003 008 028 031 018 005 030 043 039 0.08 028 0.07
K,O 10.37  10.68 9.43 8.26 1.03  10.26 9.78 10.01 10.29 0.04 9.38 9.54  10.09 9.04 9.19 10.74 1048 10.11 9.51  10.72 9.06
Total 93.01 9234  94.67 9226 93.66 9299 9272 94.04 93.76 86.39 9406 92.06 91.50 92.50 91.45 9497 93.07 94.09 9423 94.06 95.57
O 22 22 22 22 22 22 22 22 22 28 22 22 22 28 22 22 22 22 22 22 22
Si 6.66 6.70 6.46 5.95 5.90 6.67 6.35 6.67 6.43 5.36 5.53 6.69 6.67 5.87 5.74 6.29 6.51 6.29 5.60 6.46 5.59
Ti 0.03 0.03 0.07 0.01 0.01 0.03 0.11 0.04 0.08 0.02 0.10 0.09 0.10 0.09 0.21 0.09 0.12 0.13 0.30 0.12 0.28
Al 441 435 4.88 585  6.04 441 483 437 469 518 317 412 412 256 257 492 449 477 289 445 282
Cr 0.00  0.00 0.00 0.00  0.00 0.00 000 0.00 0.00 001 0.00  0.00 000 000 0.00 000 000 000 000 000 0.00
Fe?" 0.33 0.33 0.22 0.19 0.08 0.39 0.40 0.48 0.48 3.45 248 0.75 0.73 2.04 222 0.54 0.50 0.66 2.39 0.75 2.88
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.01 0.01 0.08 0.08 0.02 0.01 0.01 0.05 0.00 0.06
Mg 0.67 0.68 0.46 0.07 0.04 0.63 0.46 0.60 0.50 5.96 2.56 0.59 0.58 3.20 3.02 0.34 0.49 0.40 2.48 0.42 2.17
Ca 0.00  0.00 0.00 0.00  0.03 0.00 0.01 0.00  0.00 0.01 0.00  0.01 0.00  0.00 0.00 0.01 0.00  0.01 0.00  0.00 0.01
Na 0.19  0.12 0.29 0.60 .75 0.14 019 0.7 0.1 00l 002 008 008 005 002 008 0.1l 0.10  0.02 007 0.02
K 1.82 1.89 1.61 1.45 0.17 1.81 1.73 1.74 1.81 0.01 1.85 1.72 1.84 1.78 1.85 1.87 1.86 1.79 1.87 1.91 1.78
Total 14.11  14.11 13.98 14.13  14.03 14.07 14.09 14.06 14.10 20.03 15.72 14.06 14.13 15.67 15.70 14.14 14.10 14.15 15,60 14.19 15.62
o-rim, outermost rim.
“Total Fe as FeO.
Eclogite Pelitic gneiss P-T EVOLUTION OF THE HIGH-P
o Inclusions in garnet ¢ Inclusions in garnet (Ph1) METAMORPHIC ROCKS
(Phl & Pgl) x Inclusions in porphyroblastic PI (Ph1)
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+ Discrete grains in the matrix (Ph2)
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Fig. 8. Chemical compositions of white mica.

of chlorite in the eclogites and country rock gneisses
varies from 0.35 to 0.50 and from 0.52 to 0.66,
respectively.
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The textural relationship among minerals and the
mineral chemistry of the eclogites in the Aktyuz For-
mation record three distinct metamorphic events, i.e. a
first MP-HT metamorphism; a second HP-LT meta-
morphism; and a third medium- to HP-HT meta-
morphism  (Fig. 9). In contrast, the garnet
amphibolites and country rock gneisses record a single
metamorphic event.

THERMOCALC v.3.21 (Powell & Holland, 1994) with
an updated internally consistent thermodynamic data
set (Holland & Powell, 1998) was used to apply an
‘average P-T" mode calculation for the mineral
assemblages that are interpreted to have equilibrated
in each stage of the evolution of the Aktyuz HP
metamorphic rocks. The activities of the minerals
were calculated using the AX program (Holland &
Powell, 1998). End-members with very low activities
(<0.0001) were excluded from the calculation. If fit
indices exceeded the value allowable for 95% confi-
dence in the P-T result, then the most suspect activity
(largest e¢*) was removed and the calculation was
re-run (Dale & Holland, 2003). The activity of H,O is
assumed to be unity. Quartz and H,O are present in
all assemblages. Independent reactions used for the
THERMOCALC calculations are listed in Table 5. Addi-
tionally, the available geothermobarometers have
been applied for the estimation of P-T conditions.
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Fig. 9. Polyphase metamorphic evolution and paragenesis of the Aktyuz HP metamorphic rocks.
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Table 5. List of independent reactions used in THERMOCALC
‘average P-T mode’ calculations.

Reactions

For eclogites
1 py + 2gr + 3cel = 6di + 3mu
2 3hed + 2pa = gr + alm + 2jd + 2q + 2H,O
3 4pa + 3cel = py + 4jd + 3mu + 4q + 4H,O
4 py + 3hed = alm + 3di
5 jd + q=ab
6 2di + ts + 2q = tr + 2an
7 2di + ts + 2ab = 2jd + tr + 2an
8 2parg + 6ab = 8jd + tr + ts
9 ts + 2cel = tr + 2mu
10 2tr + Sparg + 18an + 6pa = 11jd + 10ts + 6cz
11 cz + fep = 2ep
12 jd + ep = acm + cz
13 Sparg + 22ab + 6cz = 27jd + 4tr + I4an + 4H,O
14 4pa + 12an + 3tr + 6jd = 10ab + 4cz + Sts
15 4pa + 12an + 2cz + 3tr + 6acm = 10ab + 6ep + Sts
16 Spa + 10cel + 8an + 4acm = 10mu + 9ab + 2fep + 2tr + 2H,O
17 18di + 2ts + 6pa = 5jd + 4tr + parg + 6¢cz
18 Ilparg + 26ab + 6¢cz = 14di + 37jd + 10ts + 4H,O
19 acm + ¢z + q = ab + ep
For garnet amphibolite
20 Spy + 3fact = 5alm + 3tr
21 12parg + 36q = 2py + 4gr + 3tr + 3ts + 6gl
22 42parg + 114q = 20py + 22gr + 9tr + 2Igl + 12H,O
23 Salm + 12parg + 36q = 7Tpy + 4gr + 3fact + 3ts + 6gl
24 78fact + 105ts = 80gr + 130alm + 63tr + 120q + 120H,O
25 3fact + 21ts = 2lpy + légr + 5alm + 24q + 24H,O
For country rock gneisses
26 3tr + 18an + 4mu + 3phl = 8ts + 7san + 4cz
27 Sts + 4san + 4cz + 6q = 3tr + 12an + 4mu
28 tr + 3ts + 7cel = 4cz + Tphl + 21q + 2H,O
29 6an + 12cel + phl = 3tr + 7san + 6mu + 4H,O
30 2parg + 8q = tr + ts + 2ab
31 4cz + Sann + 16q = 3fact + 2an + san + 4mu
32 3ts + dparg + 4cz + 22q = 5tr + 12an + 4pa
33 8ep + Sann + 16q = 3fact + 2an + san + 4mu + 4fep
34 2pa + 3cel = 2ab + 2mu + phl + 3q + 2H,O
35 ab + 2mu + 2cz + phl + 59 = 4an + pa + 3cel
36 2mu + 8ep + phl + 7q = 8an + 3cel + 4fep + 2H,O
37 2phl + mu + 6q = py + 3cel
38 py + gr + mu = phl + 3an
39 gr + alm + mu = ann + 3an
40 py + 3ann + 2pa + 9q = 3alm + 2ab + 3cel + 2H,O
41 3east + 6q = py + phl + 2mu
42 phl + east + 6q = py + 2cel

Mineral abbreviations after Holland & Powell (1998).

The results of all P-T estimates are summarized in
Table 6.

Metamorphism of eclogites and garnet amphibolites

First MP-HT metamorphic event (M1)

This first metamorphic event of the amphibolite/
epidote-amphibolite facies conditions (560-650 °C and
4-10 kbar) in the Aktyuz eclogites has been described
by Orozbaev et al. (2007). They reported relict mineral
assemblages of polyphase inclusions in the cores and
mantles of simple prograde zoned garnet, i.e. Mg-
taramite + Fe-staurolite (Xy, < 0.29) + paragonite
+ oligoclase (An<¢) = hematite. Notably, the same
garnet grain contains also inclusions of glaucophane,
barroisite, epidote and paragonite. They interpreted
that the Fe-rich staurolite along with Mg-taramite,
paragonite and oligoclase relict inclusions in garnet
were formed during a relatively MP-HT metamorphic

© 2010 Blackwell Publishing Ltd

event of amphibolite facies conditions (M1) before the
epidote-blueschist facies conditions of eclogitic meta-
morphic event (M2) was attained.

Second high-pressure metamorphic event (M2)

Orozbaev et al. (2007) reported Na-amphibole (glau-
cophane) and Na—Ca-amphibole (Mg-katophorite,
Mg-taramite and barroisite), aegirine-rich clinopy-
roxene, paragonite, phengite, epidote, albite, quartz,
rutile and hematite inclusions in the cores and rims of
garnet. They suggested that these phases formed
during the prograde stage of the epidote-blueschist
facies (330-570 °C; 8-16 kbar; M2-E1) before the
eclogite facies conditions (M2-E2) of the second HP
metamorphic event (M2). The peak metamorphic
assemblage of Grt + Omp + Ph + Qz + Rt £ Pg
was stable in the eclogite facies conditions of 600-
710 °C and 15-25 kbar (Orozbaev et al., 2007)
(Fig. 10a).

In this study, THERMOcALC calculations have been
applied for the peak metamorphic assemblage. In these
calculations, the chemical compositions used were the
garnet rims (with highest Mg and lowest X, contents),
omphacite inclusions (Jd = 30-44) in the rim of gar-
net, and core compositions of matrix phengite (Ph2),
assuming that the Ph2 cores, containing inclusions of
garnet and Cpx2, with highest Si content (6.66—6.79
p.fu.) were formed during the peak metamorphic
conditions. The outermost rim of some garnet reflected
by diffusional resetting (Fig. 5c) has not been used
in the calculation, instead, garnet free of diffusional
affects (Fig. 5b) is applied. The P-T conditions esti-
mated for the eclogite facies stage (M2-E2) are 575—
645 °C and 21-23 kbar (Fig. 10a). Consistent P-T
estimation was also obtained using the Grt-Ph-Cpx
geothermobarometer (Ravna & Terry, 2004). The
GCPKS spreadsheet application gives the intersects of
the Grt-Ph-Cpx geobarometer (Ravna & Terry, 2004)
and Grt-Cpx geothermometer (Ravna, 2000) curves at
conditions of 550-660 °C and 21-23 kbar. The tem-
peratures estimated by the geothermometers of Ellis &
Green (1979) and Powell (1985) are ~50 °C greater.
The estimated pressure conditions of 21-23 kbar are
consistent with those of previous studies (15-25 kbar)
and lie below the paragonite-out reaction of Pg =
Jd + Ky + H,O (Holland, 1979), whereas the esti-
mated temperature of 550-660 °C is lower than the
600710 °C estimate of Orozbaev et al. (2007). This
difference is mainly caused by different calibration of
the Grt-Cpx geothermometers applied in this study
(Ravna, 2000), v. those of Ellis & Green (1979) and
Powell (1985) in the previous study. We have applied
Ravna (2000), which is based on both experimental
and natural data sets, and incorporates the effect of
Mn content of garnet on the Kp value, and thus
supersedes the previous calibrations.

The retrograde stage of the eclogites (M2-E3) is
represented by omphacite breakdown to symplectite
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Table 6. Summary of the estimated P-7 conditions for the Aktyuz HP metamorphic rocks.

Rock type Sample Stage Mineral assemblage Reactions THERMOCALC GCPKS, RT04  GP84
T,°C T,sd P,kbar P, sd cor sigfit  7,°C P, kbar T, °C
Eclogite KG-426  Peak Grt, Cpxl, Ph2-c 2,3, 4 617 52 23.3 2.6 -0.474  0.24 612 23.1
Peak Grt, Cpxl, Ph2-c 1,2,3 643 56 229 2.7 -0.389  0.69 663 23.6
Retrograde  Cpx3, P12, Amp2 5,6,7,8 544 63 10.5 1.0 0.30
Retrograde  Cpx3, PI2, Amp2, Ep2, Ph2-m 5, 8,9, 10, 11, 12, 13 561 55 11.2 1.7 0922 127
KG-427  Peak Grt, Cpxl1, Ph2-¢ 1,2,3 595 52 21.2 2.4 -0.348  0.44 590 22.8
Retrograde  Cpx3, PI2, Amp2, Ep2, Ph2-m 5,9, 10, 11, 14, 15, 16 555 59 10.2 1.8 0.928 1.28
03-18 Peak Grt, Cpxl1, Ph2-c 1,2,3 574 52 22.7 2.4 -0.378  0.10 548 21.4
Retrograde  Cpx3, P12, Amp2, Ep2, Ph2-m 5, 6,8, 9, 17, 18, 19 564 46 10.3 1.4 0.927 0.76
Grt-amph 03-17 Prograde Grt, Amp2 20, 21,22 633 123 11.3 3.6 0.553 1.72 601
Prograde Grt-m, Ampl 21,22,23 638 69 12.5 1.9 0.385 0.82 601
Peak Grt-r, Amp2-r 21,22, 24 737 83 15.2 23 0.506  0.11 693
Peak Grt-r, Amp2-r 20, 21, 22 675 72 14.6 2.1 0.554 0.58 676
Peak Grt-r, Amp2-r 20, 21, 25 712 106 15.2 2.5 0.619 0.69 677
Pelitic gneiss KG-432  Prograde Amp, Pl-c, Epl, Phl, Kfs, Btl 26, 27, 28, 29, 30, 31, 32, 33 477 77 9.6 32 0.939 1.36
Peak Pl-r, Ph2-c, Ep2, Bt2 34, 35, 36 637 126 12.8 4.5 0.987  0.51
KG-430  Peak Grt-r, Pl, Ph2-c, Bt2 37, 38, 39, 40 745 67 15.0 24 0.810 1.62
Peak Grt-r, Pl, Ph2-c, Bt2 38, 39, 40, 41, 42 711 53 13.9 1.9 0.796 1.44
03-37 Peak Grt-r, Pl, Ph2-c, Bt2 37, 38, 39, 40, 41 736 61 14.1 1.9 0.774 1.36
Peak Grt-r, Pl, Ph2-c, Bt2 37, 38, 39, 40, 41 725 47 14.6 1.6 0.787 1.13
Peak Grt-r, Pl, Ph2-c, Bt2 37, 38, 39, 40, 41 737 69 13.8 2.1 0.807 1.42

GCPKS, RT04, Grt-Cpx-Ph-Ky-Qz/Coe geothermobarometer (Ravna & Terry, 2004);
GP84, Grt-Hbl geothermometer (Graham & Powell, 1984).

consisting of Cpx3 (Jdy_»o) and albite (P12; An, o), and
garnet is replaced by Mg-taramite or aggregate of
Mg-taramite and P12 (Ans_;3) (Fig. 3a,b). Further-
more, symplectites consisting of Cpx3 and albite (P12)
coexist with Mg-taramite (Amp2), epidote, and
phengite (Si < 6.5) in the retrograded portions of the
eclogites (Fig. 3c), indicating a retrograde mineral
assemblage of the epidote-amphibolite facies
conditions. These suggest a representative mineral
assemblage of Cpx3 (Jd9_»g), PI2 (An,_;3), Na~Ca-
amphibole, phengite and epidote. Based on the mineral
textures of these retrograded minerals (Fig. 3b,c), it is
assumed that local equilibrium has been reached, and
their rim-rim composition are applied for the geo-
thermobarometric calculation. The P-7 estimation of
the retrograde stage in eclogites using THERMOCALC
yielded 545-565 °C and 10-11 kbar (Fig. 10a). The
estimated minimum pressure of 10 kbar at 550 °C is
also suggested by low contents (Jd = 9) in Cpx3 +
P12 symplectites (Holland, 1983). As prograde and/or
retrograde metamorphism is a dynamic evolution with
changing P and T, the estimated P-T conditions for
this stage represent an arrested point during the ret-
rograde P-T path of the Aktyuz eclogites.

Combining the prograde metamorphism of the epi-
dote-blueschist facies conditions (M2-E1) with the
peak metamorphic conditions of the eclogite facies
(M2-E2) and subsequent retrograde metamorphism of
the epidote-amphibolite facies (M2-E3) suggests a
clockwise P—T path for the second HP metamorphic
event (M2) in the Aktyuz eclogites (Fig. 10a).

Third HP-HT metamorphic event (M3)

The constraint on the third metamorphic event (M3) is
obtained from garnet amphibolites which occur in the

margins of the amphibolite-eclogite body. These were
strongly affected by the third high-P and high-T
metamorphism (M3) after the second HP metamorphic
event (M2).

Garnet in garnet amphibolites has prograde zoning
(Fig. 5a), suggesting that it formed during the pro-
grade third HP-HT metamorphic event (M3). Garnet
in garnet amphibolite contains inclusions of pargasite,
quartz and rutile (Fig. 4b). The composition of garnet
mantles (Mg > 0.36 p.fu., Xg. < 0.81 p.fu.) and
pargasite inclusions suggest conditions of 630-640 °C
and 11-12 kbar for the prograde stage (M3-G1) just
prior to peak metamorphic conditions (M3-G2;
Fig. 10b). Phengite is apparently absent from the gar-
net amphibolites. Amp2 in the matrix of the garnet
amphibolites shows prograde zoning from Mg-horn-
blende and edenite cores to Fe-pargasite or pargasite
rims (Fig. 7). The peak metamorphic conditions
(M3-G2) of the garnet amphibolites estimated using
the mineral rim-rim compositions of the garnet
Mg < 0.70 p.fu.; Xg. > 0.72 p.f.u.) and pargasite
assemblage, and THERMOCALC calculation yielded 675—
735 °C and 14-15 kbar (Fig. 10b). The Grt-Amp
geothermometer (Graham & Powell, 1984) yields
similar temperature estimates of 600 and 675-695 °C
for the prograde and peak stages, respectively
(Table 6). The higher pressure estimate for the garnet
amphibolites is also supported by total Al,O3 content
(12.0-15.5 wt%) of Amp2, using a semiquantitative
thermobarometer of Ernst & Liu (1998). Although the
estimated P—7 conditions suggest eclogite facies con-
ditions, clinopyroxene was not produced in the garnet
amphibolites during the peak metamorphic conditions
of the third metamorphic event. Ernst & Liu (1998)
suggested that the plagioclase-out boundary in the
hydrous MORB system does not represent the
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Fig. 10. Estimated P-T conditions for Aktyuz HP metamorphic rocks (P-T boundary after Takasu, 1989). ECL, eclogite facies; GL,
glaucophane schist facies; EA, epidote-amphibolite facies; AMP, amphibolite facies; GS, greenschist facies; GRN, granulite facies. (a)
Eclogites; (b) garnet amphibolites and (c) country rock gneisses. Experimentally determined reaction curves: (1) Ab = Jd + Qz
(Holland, 1983); (2) Pg = Jd + Ky + H,O (Holland, 1979). Olg-in reaction after Maruyama et al. (1983). Plagioclase-out reaction
after Ernst & Liu (1998). Wet metapelite solidus and dehydration—melting curve of muscovite (Ms-dm) are according to Le Breton &
Thompson (1988). Triple point of Al,SiOs after Holdaway (1971).
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boundary for the eclogite facies, and experimentally
demonstrated the coexistence of garnet and Ca-
amphibole assemblage at ~700 + 50 °C and 12—
16 kbar without producing clinopyroxene.

Eclogites preserved within garnet amphibolites show
evidence of the third high-P and high-7 metamorphism
(M3). For example, subhedral to euhedral prismatic
porphyroblasts of Amp3 occurs in severely amphibol-
itized eclogites (e.g. sample 03-18; Fig. 3d,e). This
amphibole contains inclusions of phengite, epidote,
plagioclase (Ang 1), apatite, rutile and symplectitic
aggregates of Cpx3 + PI2 (Fig. 3d), suggesting that
porphyroblastic Amp3 grew during prograde meta-
morphism after the retrograde stage of the second
high-P metamorphic event. Amp3 in the matrix show
zoning, with Mg-taramite/taramite cores to parga-
site/Fe-pargasite rims. These rims are in equilibrium
with the rims of plagioclase (Anje) in the matrix of the
eclogites (Fig. 3e). Plagioclase is also zoned from albite
(An;) cores to oligoclase (An,;) rims, suggesting that
the P-T path of the eclogites crossed the oligoclase-in
reaction (Maruyama et al., 1983). Ph2 is replaced by a
symplectite of biotite and P13 (Anj;_»,) at its rim.
Euhedral pargasite coexists with biotite and PI3 sym-
plectite (Fig. 3f). Hence, the prograde metamorphism
of the third metamorphic event is characterized by the
mineral assemblage pargasite/Fe-pargasite, oligoclase
and biotite, which is suggestive of amphibolite facies
conditions (M3-E2; Fig. 10a).

In the latter part of the metamorphic history, garnet,
Ep2 and amphibole (Amp2, Amp3) in the eclogites
are partly replaced by chlorite and biotite along their
rims and cracks. The replacement of garnet and Amp2
by chlorite, biotite, plagioclase and K-feldspar (e.g.
Fig. 4c) in garnet amphibolites suggest retrograde
metamorphism of the greenschist facies (M3-E3 & M3-
G3; Fig. 10a,b).

Metamorphism of the country rock gneisses

The prograde stage of the epidote-amphibolite facies
(M3-P1) is defined by the minerals included within
porphyroblastic plagioclase, i.e. Epl, Phl (Si < 6.67
p.fu.), quartz, K-feldspar, Btl, Ca-amphibole [Mg-
hornblende (TiO, = 0.02-0.05 wt%)] (sample KG-
432). The mineral assemblage of the inclusions yields
metamorphic conditions of 477 °C and 10 kbar for the
prograde stage (M3-P1) of the pelitic gneisses, whereas
the composition of plagioclase, Ph2, Ep2 and Bt2 in the
matrix suggests peak metamorphic conditions (M3-P2)
of 635 °C and 13 kbar for the same sample (Fig. 10c).

The mineral assemblage of the peak P-T conditions
(M3-P2) for samples 03-37 and KG-430 are garnet,
Ph2, plagioclase, Bt2, quartz and rutile and the P-T
conditions estimated by THERMOCALC are 710-745 °C
and 14-15 kbar (Table 6; Fig. 10c). Maximum Si
contents of Ph2 in the matrix (Si < 6.63 p.f.u.) and
Phl (Si < 6.88 p.f.u.) included within porphyroblastic
plagioclase and zircon in pelitic and granitic gneisses

also suggest relatively HP conditions, with minimum
pressure of 13 kbar at 700 °C (Massonne & Schreyer,
1987). In summary, the peak metamorphic conditions
(M3-P2) for the country rock gneisses are 635-745 °C
and 13-15 kbar.

The estimated peak P-T conditions (samples 03-37
& KG-430) exceed the temperature of the wet metap-
elite solidus and lie close to the muscovite dehydra-
tion—melting curve (Le Breton & Thompson, 1988),
indicating incipient partial melting within the country
rock gneisses (Fig. 10c). The P—T estimates for sample
K G-432 do not reach the wet metapelite solidus, and it
shows no evidence of partial melting. Finally, phengite
and garnet were replaced by chlorite, biotite, and the
country rock gneisses retrograded into the greenschist
facies conditions (M3-P3) (Fig. 10c).

Metamorphic evolution and correlation of metamorphism
of the eclogites, garnet amphibolites and the country rock
gneisses

The estimated P-T evolutions of the eclogites, garnet
amphibolites and country rocks gneisses in the Aktyuz
area are summarized in Fig. 11. The eclogites record
three metamorphic events (M1, M2 & M3), whereas
the country rock gneisses and the garnet amphibolite
occurring at the margins of the eclogites record a single
metamorphic event (M3).

A relict MP-HT metamorphism in the Aktyuz
eclogites was described by Orozbaev et al. (2007). This
is the first metamorphic event (M1) of the amphibo-
lite/epidote-amphibolite facies conditions (560—650 °C
and 4-10 kbar). Orozbaev et al. (2007) also described
the prograde stage (M2-El) of the epidote-blueschist
facies conditions (330-570 °C; 8-16 kbar), which
documents the beginning of the second HP-LT meta-
morphism (M2) in the eclogites. In this study, we have
constrained the peak metamorphic conditions of the
eclogite facies (M2-E2; 550-660 °C and 21-23 kbar)
and determined a retrograde stage to epidote-
amphibolite facies conditions (M2-E3; 545-565 °C and
10-11 kbar). The metamorphic sequence from the M2-
El to the peak M2-E2 and subsequent M2-E3 suggest
a clockwise P-T path for the second HP-LT meta-
morphic event. The eclogites record evidence of the
third HP-HT metamorphic event, i.e. with prograde
metamorphism reaching amphibolite facies conditions,
labelled as stage M3-E2. The final cooling stage (M3-
E3) was greenschist facies retrogression.

The third HP-HT metamorphic event is well docu-
mented in the garnet amphibolites and country rock
gneisses. The garnet amphibolites show a clockwise
P-T path, with prograde conditions (M3-G1) of 600—
640 °C and 11-12 kbar through the peak metamorphic
conditions (M3-G2) with 675-735 °C and 14-15 kbar
to greenschist facies conditions (M3-G3). The country
rock gneisses also record a clockwise P—7 path with
475 °C and 10 kbar for the prograde stage (M3-Pl)
through the peak metamorphic conditions (M3-P2) of
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Fig. 11. Summary of P-T evolution of the Aktyuz HP metamorphic rocks.

635-745 °C and 13-15 kbar to the greenschist facies
stage (M3-P3), which is similar to the P-T path
obtained for the garnet amphibolites (Fig. 11).

The P-T conditions estimated for the prograde,
peak and subsequent retrograde stages in the garnet
amphibolites and country rock gneisses are identical,
which implies that the third metamorphic event de-
duced from the eclogite-garnet amphibolite bodies is
equivalent to the metamorphism of the country rock
gneisses. This suggests that the Aktyuz eclogites did
not share their P-T path of the first and second
metamorphic events with the country rock gneisses.
The eclogites have been altered into garnet amphibo-
lites that shared their P-T path with the surrounding
country rock gneisses only during the third metamor-
phic event.

TECTONIC IMPLICATIONS

The first MP-HT metamorphic event (M1) of the
amphibolite/epidote-amphibolite facies conditions in

© 2010 Blackwell Publishing Ltd

the eclogites is thought to be an early and relatively
high-temperature metamorphism before the eclogitic
HP-LT metamorphism (Orozbaev et al., 2007). This
type of metamorphism before the HP-LT metamor-
phic event has been described from several metamor-
phic terranes, including the Franciscan complex
(Wakabayashi, 1990), the Iron Mountain-Gee Point
area in the North Cascades (Brown et al., 1982) and
the Kiziltepe ophiolites in Turkey (Dilek & Whitney,
1997). These studies suggested that the tectonic setting
of MP-HT metamorphism of the amphibolite facies
before the HP-LT metamorphism of the blueschist to
eclogite facies occurred at the metamorphic sole of
ophiolites during intra-oceanic subduction or in a
subduction zone, with a heat source from hot hang-
ingwall during inception of the subduction. We
propose that the MP-HT amphibolite facies meta-
morphism (M1) in the Aktyuz eclogites formed during
the inception of subduction of oceanic lithosphere
beneath the continental crust, where the initial thermal
condition of that continental crust is sufficiently high
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Fig. 12. Schematic geodynamic evolution of the Aktyuz HP
metamorphic rocks. (a) The first MP-HT metamorphic event
(M1) of the amphibolite/epidote-amphibolite facies conditions
in the eclogites occurred during the inception of subduction of
oceanic lithosphere beneath the continental crust, with accretion
to the hangingwall; (b) sheets or slivers of the amphibolites were
stripped off and subsequently dragged to deeper parts of the
subduction zone, causing the second HP-LT metamorphic event
of blueschist to eclogite facies metamorphism (M2); (¢) exhu-
mation of the eclogites to shallow levels of the subduction zone;
(d) continent—continent collision setting responsible for the third
HP-HT metamorphism (M3) of the Aktyuz country rock
gneisses and garnet amphibolites.

to comprise the heat source (Doin & Henry, 2001). At
this stage, most of the amphibolites were accreted to
the hangingwall (Fig. 12a). Continuous subduction
resulted in cooling of the hangingwall (Toksoz et al.,
1971; Peacock, 1996), causing the second HP-LT
metamorphic event of the blueschist to eclogite facies
metamorphism (M2-E1) (Fig. 12b). Some sheets or
slivers of the amphibolites were stripped off from

hangingwall and were subsequently dragged to deeper
parts up to the eclogite facies conditions of the sub-
duction zone (M2-E2; Fig. 12b). This event is docu-
mented in subduction zone metamorphism with low
geothermal gradient. The Rb—Sr mineral isochron age
of 749 + 14 Ma for the eclogite (Tagiri et al., 1995) is
thought to be the timing of the second HP-LT meta-
morphic event in the Aktyuz eclogites. The eclogites
subsequently exhumed to shallow levels in the sub-
duction zone (M2-E3; Fig. 12c¢).

The P-T conditions (635-745 °C; 13—-15 kbar; M3-
P2) obtained for the third HP-HT metamorphic event
(M3) of the Aktyuz country rock gneisses is similar to
the P-T conditions (700-800 °C; 13-16 kbar) of the
metapelites of the Gagnon terrane in the eastern
Grenville Province, Canadian Shield (Indares, 1995).
The Gagnon terrane is thought to have been deeply
buried and formed during an early stage of a crustal
shortening/thickening event (Rivers et al., 1993;
Indares, 1995). Furthermore, formation of the Aktyuz
garnet amphibolites (675-735 °C; 14-15 kbar; M3-G2)
at the margins of the eclogites is similar to eclogite
formation in the Weinschenk Island of North-East
Greenland (650-780 °C; 15-18 kbar) by crustal
imbrication and subhorizontal shortening during
a Caledonian collision (Elvevold & Gilotti, 2000).
Based on the above, we suggest that a similar
continent—continent collision setting with a standard
geotherm (e.g. Thompson ez al., 2001) was responsible
for the third HP-HT metamorphism of the Aktyuz
country rock gneisses and garnet amphibolites
(Fig. 12d). The collisional event took place before the
timing of granite intrusion at 416 Ma (SHRIMP zircon
age; Konopelko et al., 2006), and the collision proba-
bly correlates with the 481 Ma UHP metamorphism in
the Makbal area in the Northern Kyrgyz Tien-Shan
(Togonbaeva et al., 2009).

The timings of the proposed tectonometamorphic
events (M1, M2 & M3) are not constrained. Regionally,
Precambrian-Palaeozoic evolution of the CAOB
between 1000 and 440 Ma resulted from several
accretionary and collisional tectonic events (Sengor
et al., 1993; Bakirov & Maksumova, 2001; Dobretsov
& Buslov, 2007; Windley et al., 2007). Additional
geochronological and geochemical studies are required
to link the metamorphic events in the Aktyuz area with
global geodynamic processes. Such geochronological
and geochemical data, combined with the results of this
study, will give a clear picture of the tectonic processes
taking place in a model involving palaeo-ocean closure
and subsequent continent—continent collision.
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