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Abstract

The Saramta massif in the Paleoproterozoic Sharyzhalgai complex, the southwestern margin of the Siberian craton, is mainly
composed of spinel-peridotites with garnet-websterites; it is enclosed within granitic gneisses and migmatites with mafic inter-
calations of granulite-facies grade. The garnet-websterites occur as lenses or layers intercalated within spinel-harzburgite and
spinel-lherzolite. They consist mainly of clinopyroxene (Cpx), garnet (Grt), and orthopyroxene (Opx): Grt often includes Cpx,
Opx, and pargasite (Prg). Opx also occurs as kelyphite with plagioclase (PI), spinel, olivine, Prg, and biotite. Relationships
between textures and chemical compositions of these minerals suggest the foReWistgges: stage 1 (pre-peak), 0.9-1.5 GPa
at 640-780C; stage 2 (peak), 2.3-3.0 GPa at 920-103@s the minimum estimate; and stage 3 (post-peak), 750330
0.5-0.9 GPa. Finally, the garnet-websterites are veined with lower amphibolite- to greenschist-facies minerals (stage 4).

These results suggests that the Saramta massif was carried to depths of c. 100 km by subduction, and metamorphosed unde
eclogite-facies conditions in the Paleoproterozoic, despite the commonly held view that high geothermal gradients in those times
would have prevented such deep subduction. Paleoproterozoic plate subduction at the southwestern margin of the Siberian craton
might have caused subduction-zone magmatism and mantle metasomatism similar to those in the Phanerozoic.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction within orogenic belts. The evolution of garnet-bearing
ultramafic HP rocks including orogenic peridotites
High-pressure (HP) metamorphic rocks provide and pyroxenites, have been used to monitor subduc-
valuable information on deep tectonic processes tion and various aspects of orogenic and collision pro-
cesses within various orogens (elgqu et al., 1994;
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quently become refrigerated into the garnet stability and partially-molten sub-oceanic mantle, respectively,
field; this cooling process may be accompanied with and together could represent a fragment of Archean
further burial by plate subduction or counter-flow in oceanic crust and underlying mantle. However, previ-
the mantle wedge. In other cases, these lithologies ous petrochemical studies indicate that the ultramafic
may be generated by prograde HP metamorphism rocks (pyroxenites) crystallized at pressure condi-
of either spinel-peridotites or serpentinites that had tions over 2 GPaGornova and Petrova, 199%uch

previously been incorporated into the crust as parts conditions are unusually high for those of mid-ocean
of ophiolite complexes. Distinction between these ridge magmatism, even allowing for the fact that the
different origins is essential for unraveling the com- pre-Mesoproterozoic oceanic crust may have been
plex tectonothermal histories of orogenic belts. One two or three times as thick as at present (évtnores,

promising approach is the establishmenPefl-time 1986, 1993, 2002 Another unresolved issue concerns
paths based on mineralogical data, geothermobaro-the nature and timing of the juxtaposition between the
metric calculations, and isotope dating. mafic/ultramafic lithologies and the gneiss complex.

In addition, plate subduction into the deep man-  The aim of this paper is to describe the petro-
tle plays an important role for crustal and mantle graphic and metamorphic mineralogical characteris-
evolution of the Earth, because oceanic crustal mate-tics of the garnet-websterites in order to investigate
rials, hydrothermally altered at the mid-ocean ridge, the tectonothermal history of the Saramta massif and
brought into mantle depths by the plate subduction its relationship with the adjacent granulite-gneiss
greatly influence subduction-zone magmatism and complex, and to discuss their implications to Paleo-
mantle metasomatism. In general, high geothermal proterozoic plate tectonics.
gradients in the Precambrian are thought to have Mineral abbreviations in text, tables, and figures are
hampered plate subduction to depths appropriate to after Kretz (1983) except for alumino-silicate (Als),
blueschist- and eclogite-facies HP metamorphism, amphibole (Amp), and water (W).
which is a feature of the Phanerozoic plate tectonics.

When the Phanerozoic-type plate tectonics initiated is
one of the most important clues in order to understand 2. Geological outline
the whole mantle dynamics and its history.

The Sharyzhalgai complex is situated on the  An exposure of the Archean to early Paleopro-
southwestern margin of the Siberian craton, and is terozoic Pre-Sayan basement in the southwestern
comprised of granulite-facies grade mafic and ultra- margin of the Siberian Platform, separated from
mafic rocks (the Saramta massif) enclosed within the late Proterozoic and Paleozoic complexes (East
migmatitic gneisses. The ultramafic rocks contain Sayan fold belt) to the southwest by the Main Sayan
lenses of garnet-websterite. The high-grade metamor- Fault Fig. 19, is composed of granitic rocks includ-
phic rocks have previously been investigated in terms ing enderbite and charnockite, amphibolite- to HP
of igneous and metamorphic petrology, structural ge- granulite-facies gneiss, mafic and ultramafic rocks,
ology, and geochronology (e.dAftalion et al., 1991; carbonate rocks, and pelitic-psammitic rocks, and is
Khiltova, 1993; Gornova and Petrova, 1999; intruded by post-collisional granitic rocks of the late
Sklyarov et al., 1998, 2001 These studies have Paleoproterozoic Sayan complex (e.gskin et al.,
revealed that Archean protoliths were subjected to 1988; Khiltova, 19938 The Pre-Sayan basement is
two periods of granulite-facies metamorphism; the divided into the Sharyzhalgai, Onot, Urik-ly, and
first one with formation of enderbite, charnokite, Biryusa complexes from east to west by strike-slip
and kinzigite during late Archean to early Paleopro- and high-angle normal fault$ig. 19: The two east-
terozoic, and the second accompanied by extensiveern complexes contain sparse pelitic-psammitic rocks
migmatization during late Paleoproterozoic. Igneous while granitic rocks and high-grade metamorphic
petrology and geochemical studies of the mafic gran- rocks are predominant, compared with the two to the
ulites and ultramafic rocksGornova and Petrova, west. These two eastern complexes have attracted
1999 indicate that their protoliths were basaltic rocks a great deal of attention because they contain well
with mid-ocean ridge basalt (MORB) compositions, preserved Archean protoliths that underwent Paleo-
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Fig. 1. (a) Sketch map showing the Archean-Paleoproterozoic Pre-Sayan basement in the southwestern margin of the Siberian craton,
modified afterKhiltova (1993) A small open square indicates a location of (b). BL, Bulun; IR, Irkut; and KT, Kitoy. (b) Geologic map
and cross-section around the Saramta massif in the Kitoy block of the Sharyzhalgai complex. Localities of analyzed samples (9802, 4, 6,

12, 14, 19, and 27) are also shown.

proterozoic HP granulite- or eclogite-facies metamor-
phism @Aftalion et al., 1991; Khiltova, 1993; Sharkov
et al.,, 1995, 1996; Gornova and Petrova, 1999;
Sklyarov et al., 1998, 2001

The Sharyzhalgai complex is subdivided into
fault-bounded blocks of Irkut, Kitoy, and Bulun from

east to westKig. 19. These blocks consist mainly
of granitic gneiss and migmatite, which enclose
amphibolite- to HP granulite-facies mafic and ultra-
mafic rocks, and minor metacarbonate and metapelite;
it is from the Kitoy and Bulun blocks that records of
eclogite-facies metamorphism have been confirmed
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(Khiltova, 1993; Sharkov et al., 1995; Sklyarov et al., thickness. At some localities, the harzburgites are

1998; Gornova and Petrova, 1999 subjected to ductile deformation resulting in close
The study area is in the Kitoy block. The gneiss and folds, and rarely in mylonitic textures.

associated rocks there are divided into three sub-suites;

upper, middle, and lower, based on their structural

position and mineral paragenes&sy( 1). The struc- 3. Petrography

tural upper sub-suite consists of granodioritic gneiss

with Bt + Pl + Qtz + Amp + Cpx, intercalations of  3.1. Peridotites

mafic gneiss with B Amp + Cpx+ Pl £+ Qtz, and

rare marble with D4 Dol + Cal &+ Pl. The middle The Saramta peridotites include Spl-harzburgite,

sub-suite is characterized by charnokite gneiss with Spl-lherzolite, and dunite; the first two often pre-

Grt+ Opx+ Bt+ Pl+ Qtz+ Crd+ Sil+ Kfs, and mafic serve protogranular textures composed mainly of

granulite with Bt4+ Cpx+ Opx+ Pl4+ Grt+ Qtz. The Opx, pale-green Cpx, and Ol. These grains surround

lower sub-suite consists of enderbite and charnockite dark-brown Spl with holly-leaf like or lenticular

with Cpx+ Bt+ Pl+ Qtz, Gri+ Bt+ Pl+ Qtz+ Opx+ shapes. The Spl-peridotites are variably sheared and

Kfs, or Grt+ Mag+ Qtz+ Pl gneisses, amphibolite, altered, resulting in secondary Srp, Chl, Mag, Ol,

Cpx+ Opx+ Pl+Amp=+Bt+Qtz mafic granulite,and  and Amp. Most Cpx have tiny laths of Opx exsolu-

minor quartzite. The ultramafic bodies occur as small tions in their core domains. The matrix Opx often

lenses or thin slabs within the lower sub-suite, and are display kink-bands, and contain tiny Spl exsolu-

separated from the host gneisses by low-angle sheartions in the cores. Some Spl include Opx and Ol in

zones. Migmatite veins on various scales occur within their rims. Rare mylonitized harzburgites are char-

all three sub-suites, although only map-scale units of acterized by coarse-grained porphyroclastic Opx and

migmatites are illustrated iRig. 1h Cpx set within a matrix composed of fine-grained
The gneisses contain close to tight folds and related Ol neoblasts and Spl seams. The porphyroclastic

axial planar structures, with the predominant folia- Cpx have dusty cores with abundant Opx or Spl

tion dipping at gentle to moderate angles toward the exsolutions.

southwest; both ultramafic bodies and the host rocks, The dunites, closely associated with Grt-websterites,

including migmatitic gneisses, are involved in this are composed of Ol and Spl, and secondary Srp and

regional structure; they are intruded by post-folding Mag. Anhedral Ol grains are highly serpentinized.

dolerite dikes Fig. 1b). Brown Spl show irregular shapes and are scattered
The Saramta massif is the ultramafic body with the throughout the matrix.

largest aerial extent (up to 1km in diameter). It is

composed of harzburgite with minor lherzolite, and 3.2. Garnet-websterite

alternating intercalations of dunite and websterite.

The ultramafic rocks are generally massive; however, Grt-websterites occur as lenses or layers with thick-

harzburgite often exhibits a banded structure defined ness less than a few meters that commonly alternate

by Opx-rich layers 0.5-5cm (rarely up to 20cm) in with dunite layers. They are generally massive and

Fig. 2. Back-scattered images of the garnet-websterite (a, b, and c) and photomicrographs of the granitic gneiss (d, e, and f) in the
Sharyzhalgai complex. (a) Textures of garnets and orthopyroxenes. A field of (b) is also shown. Orthopyroxenes (gray) occur around garnet
grains (light gray), but are often separated from the garnets by kelyphites. Bright rims of the garnet, in contact with the orthopyroxene
or the kelyphite, are highly depleted in pyrope content. An orthopyroxene inclusion (dark gray) in the garnet is rich in MgO, compared
with that in matrix. (b) Kelyphites of plagioclase, orthopyroxene, and spinel surrounding garnet grain. The garnet rim is decomposed into
orthopyroxene and plagioclase, followed by exsolutions of vermicular spinels. A margin of clinopyroxene is replaced by pargasite. (c)
Composite inclusions of clinopyroxene and pargasite in garnet. (d) A part of garnet porphyroblast in matrix of quartz, plagioclase, biotite,
and orthopyroxene (plane-polarized light). In the garnet porphyroblast, its core with abundant inclusions is surrounded by inclusion-poor or
homogeneous mantles. (e) Texture of biotite inclusions in the garnet porphyroblast (crossed-nicol). The biotite inclusions are partly armored
by vermicular orthopyroxenes, and further by plagioclases. (f) Texture of garnet and orthopyroxene in migmatized gneiss (plane-polarized
light). Garnet porphyroblasts are separated from matrix quartz by walls of plagioclase and orthopyroxene.
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composed mainly of pale-green Cpx, pale-brown Opx, enes occur within the matrix of fine-grained pyroxene
and pale-red Grt. Trace amounts of Ol occur as small neoblasts.

clusters surrounded by Cpx and Opx, but never co- The Grt-websterites have been variably retrogressed
exist with Grt. Occasionally porphyroclastic pyrox- under hydrous and relatively low-pressure (LP) con-

o,
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ditions, with minerals such as Amp, Bt, and Chl, and gneisses. Leucocratic veins in migmatites occur sub-
Cal within shear bands or forming veinlets. Less retro- parallel or oblique to the foliation of the surrounding
gressed Grt-websterites show hypidomorphic granular gneiss or granulite, and are composed ef@tz+Bt+
textures and range in grain size from 0.4 to 1.2 mm. Kfs with minor Grt, Iim, and Ep. Near the contact with
Grt grains are anhedral even in the least altered sam-the mafic granulites, Bt- and Opx-rich bands are devel-
ples, and are partly rimmed by thin kelyphites with oped in both the leucocratic veins and the granulites.
Pl+ Opx+ Spl (Fig. 2a and b. Matrix Opx tend to The granitic gneisses in the upper sub-suite are rel-
occur near Grt, and are often in direct contact with atively fine grained, and are characterized by an as-
Grt without kelyphite. Most Cpx occurs in contact semblage of B Pl+4 Qtz4+ Amp 4+ Cpx+ Kfs with
with Grt and Opx, and are rarely rimmed by Amp. In. minor [Im and Ep, while those in the middle sub-suite
places, Opx, Cpx, and Amp inclusions are observed are coarser grained and have mineral assemblages of
within Grt grains Figs. 2c and B Cpx and Amp of- Bt + Amp + Cpx + Pl + Qtz £ Grt = Opx and Bt+
ten form composite inclusiong=ig. 2¢. Moderately Grt + Opx+ Pl + Qtz + Crd + Sil, with minor lim,
retrogressed Grt-websterites tend to be finer grained. Kfs, and Zrn.
Most Grt are completely armored by kelyphites of The lower sub-suite, which contains the ul-
Pl+ Opx+ Spl+ Ol, and are observed as fine-grained tramafic bodies, is composed of coarse-grained
relics with irregular shapes. The kelyphites are often granitic gneisses characterized by assemblages of
surrounded by Bt and Amp. In places, Grt are rimmed Bt + Grt+ Opx+ Pl+ Qtz with minor Kfs, Amp, Illm,
by Bt. Cpx often have dusty cores with exsolutions of Rt, Zrn, and Cal, i.e., charnockite gneisses. Porphy-
Opx and Spl. Intense retrogression has produced abun-roblastic Grt, ranges from 0.5mm to 1.2cm in diam-
dant symplectites with P} Ol + Opx =+ Spl after Grt. eter and has asymmetric tails composed of Opx and
Neoblasts of Spl and Ol are often observed in cores of Bt. They often show oval outlines, and define their
symplectites without the Grt relics. Irregular-shaped foliation together with Opx and Bt grains. In places,
and coarse-grained Cpx have abundant exsolutions ofGrt forms lenticular aggregates parallel to the min-
Opx and Spl, and are rimmed by Opx neoblasts. eral lineation with Bt, Opx, and Pl. Some of the Grt
The above-mentioned varieties and changes in and Bt are replaced by Chl and Ms along their rims.
modes of occurrence of constituent minerals suggest Rarely, coarse Grt porphyroblasts have inclusion-rich
that the Grt-websterites have experienced, at least,cores mantled by homogeneous or inclusion-poor
four stages of (re-)crystallization: stage 1 is preserved overgrowths Fig. 2d. The cores contain Bt, PI, Opx,
by inclusions of Cpx-Amp and Opx in Grt, stage 2 by  Kfs, Qtz, and rare Cal inclusions, some of which form
an anhydrous mineral assemblage of G@px+ Grt composites; although Bt and Kfs are seldom observed
within the matrix. In stage 3, firstly, the kelyphite within a single composite inclusion. Bt inclusions are
assemblages including Pl without hydrous minerals often armored by Opx and Pl in the Grt cofed. 26.
replace the margins of Grt grains; subsequently they Composite inclusions bearing Kfs tend to occur in the
are partly replaced by hydrous minerals including inclusion-poor mantle of the Grt.

Bt and Amp. Finally, in stage 4, Amp, Chl, and Cal Migmatized gneisses in the lower sub-suite are char-

occur within shear planes and veinlets. acteristically high in modal abundance of Grt, and con-
tain PI, Qtz, Opx, Bt, Kfs, and minor Amp. Among

3.3. Granitic gneiss and migmatite them, Opx and Bt tend to occur in separate domains

to each other. In Bt-free domains, Grt porphyroblasts
Granitic gneisses often show mm- to cm-scale com- are mantled first by Pl and then by Opx, and are not
positional banding, with felsic layers composed of Pl in direct contact with QtzKig. 2f).
and Qtz with minor Bt, and mafic layers containing Bt,
Amp, pyroxene, and Grt; the first three minerals define
mineral lineation. The granitic gneisses often enclose 4. Mineral chemistry
amphibolites with Ampt Cpx+ Pl + Ep+ Qtz+ Bt
and mafic granulites with Cpx% Opx+ Pl+ Amp + Mineral compositions were analyzed using a JEOL
Bt+ Qtz+ Grt; they are in sharp contacts with the host JXA8800 electron microprobe at the Department of
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Table 1

Representative mineral analyses of the Saramta peridotites in the Sharyzhalgai complex

Sample 9804 98014

Mineral ol Spl Cpx Opx ol Spl Cpx Opx
Sio 41.24 0.02 52.42 56.16 40.88 0.01 53.63 56.50
TiO» n.d. n.d. 0.31 0.08 n.d. n.d. n.d. n.d.
Al,03 n.d. 50.72 5.88 2.83 n.d. 35.28 2.08 2.08
Cr03 n.d. 18.58 1.13 0.29 0.01 34.52 0.98 0.48
FeG' 8.00 12.28 1.87 5.33 6.83 14.88 1.58 4.54
MnO 0.12 0.12 0.05 0.16 0.10 0.23 0.09 0.07
MgO 50.67 18.45 14.44 34.33 51.21 15.26 15.89 34.95
CaO 0.01 n.d. 22.39 0.37 0.04 n.d. 25.44 0.43
NaO 0.02 0.04 1.77 n.d. 0.02 0.01 0.58 0.01
K>0 n.d. 0.02 n.d. n.d. n.d. n.d. n.d. n.d.
Total 100.05 100.24 100.26 99.54 99.09 100.18 100.27 99.06
o= 4 4 6 6 4 4 6 6

Si 1.001 0.000 1.889 1.937 0.996 0.000 1.944 1.952
Ti - - 0.008 0.002 - - - -

Al - 1.594 0.250 0.115 - 1.196 0.089 0.085
Cr - 0.392 0.032 0.008 0.000 0.785 0.028 0.013
Fet 0.000 0.016 0.047 0.000 0.008 0.018 0.035 0.000
Fet 0.162 0.258 0.009 0.154 0.131 0.340 0.013 0.131
Mn 0.002 0.003 0.002 0.005 0.002 0.005 0.003 0.002
Mg 1.833 0.734 0.776 1.765 1.860 0.654 0.859 1.800
Ca 0.000 - 0.864 0.014 0.001 - 0.988 0.016
Na 0.001 0.002 0.123 - 0.001 0.000 0.041 0.001
K - 0.001 - - - - - -

XMg 0.919 0.728 0.932 0.920 0.930 0.646 0.947 0.932
XCr 0.197 0.114 0.396 0.241

9804, spinel-lherzolite; 98014, spinel-harzburgite; n.d., not detected; XMg, Mgig'); XCr, Cr/(Cr+ Al).
a Total iron as ferrous.

Earth and Planetary Sciences, Tokyo Institute of Tech- olivine-spinel-mantle-array (OSMA), in terms of XMg
nology. X-ray intensities were reduced using an oxide (=Mg/(Mg + Fagtay)) in Ol and XCr &Cr/(Cr+ Al))
ZAF correction scheme. Localities of analyzed sam- in Spl (Arai, 1987, 1990, 1994 The Ol compositions
ples and representative mineral analyses are showneither represent high-XMg varieties within the OSMA
in Fig. 1 andTables 1-3 Ferric iron contents were  or plot to the higher XMg side off the OSMA. They
estimated based on charge balance constraints for Olplot near the fields defined by peridotite xenoliths
and Spl (G4), pyroxenes (66) and Grt (G12). in African kimberlites (e.g.Boyd and Nixon, 197p
Those in Amp were calculated on the assumption: and by xenoliths from oceanic hot-spots (e §en,
Si+ Al +Ti + Fe+ Mn + Mg = 13 for O=23. For 1988; Tracy, 198)) but not within the field defined by
Bt and PI, total iron is assumed ferrous and ferric, ocean-floor peridotites (e.gQick and Bullen, 1984;

respectively. Dick et al., 1984; Michael and Bonatti, 1985
Cpxin the Saramta peridotites are highly magnesian
4.1. Peridotites Cr-diopsidesTable 1andFig. 4). The ALOs contents

are 5.1-6.1wt.% in Iherzolite, while 2.1-2.3wt.% in
Chemical compositions of coexisting Ol and Spl harzburgite; they tend to decrease from core to rim.
in the Saramta peridotites with protogranular textures Opx are relatively aluminous enstatit€aple 1and
are similar to other mantle-derived Spl-peridotites, Fig. 4). The AbO3 contents are 2.1-3.4wt.%, and
and plot within or near a narrow bané&ig. 3), the slightly lower at the rims.
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Table 2

Representative mineral analyses of the Saramta garnet-websterites in the Sharyzhalgai complex

Sample 98012 98019

Mineral Grtc Grtr Cpx ¢ Opx ¢ Opx r Grtcia Grtcib Grtc Grtr Grt rk Cpx i Cpx ¢
SiO, 39.77 39.48 53.61 54.83 53.47 39.43 39.80 39.53 39.92 39.19 53.02 51.79
TiO2 0.10 0.01 0.06 0.03 0.01 0.06 0.01 0.03 0.08 n.d. 0.14 0.17
Al,03 22.05 22.33 1.63 0.74 2.99 22.50 2269 2231 22.16 22.27 2.17 5.41
Cr03 0.30 0.30 0.12 0.04 0.07 0.57 0.43 0.42 0.59 0.42 0.19 0.30
FeG! 19.59 19.87 6.60 17.19 17.69 18.89 18.75 17.94 19.75 21.23 6.41 6.66
MnO 0.76 0.76 0.09 0.30 0.29 0.73 0.68 0.78 0.68 0.94 0.15 0.17
MgO 11.40 10.68 14.82 26.31 25.03 1151 1184 1221 11.30 10.03 14.75 13.40
Cao 6.04 6.25 22.43 0.77 0.72 6.36 5.95 5.93 6.30 6.14 23.39 21.19
NaO 0.03 n.d. 0.75 0.01 0.01 n.d. 0.01 n.d. 0.04 n.d. 0.86 0.89
K>0 n.d. 0.02 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.03
Total 100.02 99.70 100.11 100.21 100.28 100.06 100.16 99.16 100.81 100.22 101.07 100.01
o= 12 12 6 6 6 r 12 12 12 12 6 6

Si 2.985 2.981 1.970 1.985 1.939 2.952 2971 2972 2.976 2.962 1.928 1.906
Ti 0.006 0.000 0.002 0.001 0.000 0.003 0.000 0.002 0.004 - 0.004 0.005
Al 1.950 1.987 0.071 0.032 0.128 1.986 1996 1.977 1.947 1.983 0.093 0.235
Cr 0.018 0.018 0.003 0.001 0.002 0.034 0.025 0.025 0.035 0.025 0.006 0.009
Fet 0.056 0.034 0.036 0.000 0.000 0.069 0.038 0.051 0.063 0.067 0.099 0.000
Fet 1.173 1.221 0.167 0.521 0.536 1.114 1132  1.077 1.169 1.275 0.096 0.205
Mn 0.048 0.048 0.003 0.009 0.009 0.046 0.043  0.050 0.043 0.060 0.005 0.005
Mg 1.275 1.202 0.812 1.420 1.353 1.285 1.317 1.369 1.255 1.130 0.799 0.735
Ca 0.486 0.506 0.883 0.030 0.028 0.511 0.475 0.478 0.503 0.497 0.911 0.835
Na 0.004 - 0.054 0.000 0.001 - 0.001 - 0.005 - 0.060 0.063
K - 0.002 - - - - - - - - - 0.001

XMg 0.509 0.489 0.800 0.732 0.716 0.521 0.530 0.548 0.505 0.457 0.804 0.782
Sample 98019 9802 9806

Mineral Opx i Opx ¢ Opx r Opx k Prg | Prg k Pl k Ol's Opx s Cpx Ol Spl s

SiO; 54.48 54.44 52.98 51.85 42.58 41.22 50.98  38.46 54.92 49.69 39.59 0.02
TiO2 0.03 0.04 n.d. n.d. 2.22 3.03 0.03 n.d. 0.04 0.28 n.d. 0.03
Al,03 157 1.26 3.38 3.92 16.31 15.53 31.26 0.01 1.38 5.23 n.d. 60.91
Cr03 0.09 0.11 0.13 0.12 0.61 0.35 0.03 0.04 0.04 0.04 n.d. 6.94
FeG! 15.65 16.73 16.24 18.62 7.96 10.96 0.84  20.05 12.63 5.26 15.76 15.99
MnO 0.21 0.21 0.27 0.45 0.03 0.12 0.02 0.36 0.44 0.19 0.24 0.14
MgO 27.63 26.45 26.11 23.78 13.76 12.38 0.45 40.29 29.16 14.93 43.97 16.72
CaO 0.67 0.72 0.74 0.58 11.16 12.39 14.43 0.08 0.38 23.03 n.d. n.d.
NaO 0.05 0.07 0.04 n.d. 2.52 2.62 3.80 n.d. n.d. 0.53 n.d. 0.01
K20 n.d. n.d. 0.02 n.d. 0.95 1.12 0.03 0.02 n.d. n.d. 0.01 n.d.
Total 100.38  100.03 99.92 99.32 98.08 99.72 101.87 99.30 98.98 99.17 99.57  100.77
o= 6 6 6 6 3 PA] 8 4 6 6 4 4

Si 1.951 1.970 1.914 1.910 6.073 5.958 2,298  0.997 1.971 1.830 1.002 0.001
Ti 0.001 0.001 - - 0.238 0.330 0.001 - 0.001 0.008 - 0.001
Al 0.066 0.054 0.144 0.170 2.742 2.646 1.660 0.000 0.058 0.227 - 1.860
Cr 0.003 0.003 0.004 0.004 0.069 0.040 0.001 0.001 0.001 0.001 - 0.142
Fet 0.031 0.006 0.027 0.006 0.288 0.000 0.032  0.006 0.000 0.135 0.000 0.000
Fet 0.437 0.501 0.463 0.567 0.662 1.325 - 0.429 0.379 0.027 0.333 0.346
Mn 0.006 0.006 0.008 0.014 0.003 0.015 0.001  0.008 0.013 0.006 0.005 0.003
Mg 1.475 1.427 1.407 1.306 2.925 2.667 0.030 1.557 1.560 0.820 1.658 0.646
Ca 0.026 0.028 0.029 0.023 1.706 1.919 0.697  0.002 0.015 0.909 - -

Na 0.004 0.005 0.003 - 0.696 0.734 0.332 - - 0.038 - 0.001
K - - 0.001 - 0.172 0.206 0.002  0.000 - - 0.000 -
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Table 2 Continued

Sample 98012 98019

Mineral Grtc Grtr Cpx ¢ Opx ¢ Opx r Grtcia Grtcib Grtc Grtr Grt rk Cpx i Cpx ¢
XMg 0.759 0.738 0.741 0.695 0.755 0.668 0.782 0.805 0.835 0.833 0.651
XAn 0.676

¢, core; cia, core contact with inclusions of clinopyroxene and pargasite; cib, core contact with inclusion of orthopyroxene; r, rim; rk, rim
contact with kelyphite; i, inclusion in garnet; k, in kelyphite; s, in symplectite; XAn, Ca#Q¢a + K). Other abbreviations are same as
those inTable 1

@ Total iron as ferrous.

b Highly retrogressed and garnet-free samples.

4.2. Garnet-websterite (0.84-0.91), and are enriched in CabBid; 4). Cpx
inclusions in Grt are generally low in AD3 and
Cpx in the Grt-websterites are Al-diopside slightly high in XMg (Table 3. Irrespective of the
(Al,03 = 1.58-6.17wt.%; XMg = 0.78-0.83). mode of occurrence, the Al content increases to-
Those from the coarse-grained Grt-websterites are wards the rims, with mostly constant XMg, and this
higher in CaO, and those from the intensely retro- tendency is especially noticeable for the Cpx grains
gressed websterites are distinctively high in XMg neighboring Grt grainsHig. 6).

Table 3

Representative mineral analyses of the Saramta granitic gneiss in the Sharyzhalgai complex

Mineral  Grt ci Grtc Grtr Opx i Opxc Opxr Bti Bt c Btr Pl I Pl c Plr

SiO, 38.53 39.45 39.08 49.85 49.61 49.14 37.93 37.99 38.74 55.75 61.54 61.58
TiOy 0.02 n.d. 0.03 0.12 0.12 0.15 5.57 3.74 4.67 n.d. n.d. 0.01
Al,03 22.38 22.95 22.71 6.43 7.09 6.20 16.59 17.02 16.39 27.57 23.12 23.24
Cry0O3 n.d. 0.03 0.01 0.04 0.02 0.06 n.m. n.m. n.m. n.d. n.d. n.d.
FeG 26.25 24.45 26.68 22.20 21.29 22.34 12.78 10.72 11.90 0.30 0.11 0.12
MnO 0.91 0.82 0.96 0.24 0.28 0.27 n.d. n.d. 0.03 n.d. n.d. 0.02
MgO 9.23 11.81 10.47 20.74 20.40 19.90 14.35 15.64 15.35 n.d. n.d. n.d.
CaO 2.02 0.90 0.56 0.07 0.02 0.03 n.d. 0.02 0.04 10.57 4.78 5.00
NaO 0.02 0.01 0.02 0.03 n.d. 0.02 0.04 0.03 0.07 6.34 8.96 8.57
K20 n.d. 0.01 n.d. n.d. n.d. n.d. 9.41 10.90 10.06 0.10 0.51 0.61
Total 99.35 100.42 100.50 99.71 98.83 98.11 96.66 96.05 97.24 100.62 99.01 99.14
o= 12 12 12 6 6 6 11 11 11 8 8 8

Si 2.975 2.970 2971 1.857 1.855 1.864 2.751 2.768 2.787 2.507 2.763 2.762
Ti 0.001 - 0.002 0.003 0.003 0.004 0.304 0.205 0.253 - - 0.000
Al 2.037 2.036 2.034 0.282 0.313 0.277 1.418 1.461 1.390 1.461 1.223 1.228
Cr - 0.002 0.001 0.001 0.000 0.002 - - - - - -

Fet 0.013 0.024 0.022 0.000 0.000 0.000 - - - 0.010 0.004 0.005
Fet 1.683 1.516 1.674 0.691 0.666 0.709 0.775 0.653 0.716 - - -

Mn 0.059 0.052 0.062 0.008 0.009 0.009 - - 0.002 - - 0.001
Mg 1.063 1.325 1.187 1.152 1.138 1.125 1.551 1.699 1.646 - - -

Ca 0.167 0.072 0.046 0.003 0.001 0.001 - 0.001 0.003 0.509 0.230 0.240
Na 0.002 0.001 0.002 0.002 - 0.001 0.005 0.004 0.010 0.553 0.779 0.745
K - 0.001 - - - - 0.870 1.014 0.924 0.005 0.029 0.035
XMg 0.387 0.466 0.415 0.625 0.631 0.614 0.667 0.722 0.697

XAn 0.477 0.221 0.236

ci, core with inclusions; n.m., not measured. Other abbreviations are same as thHaddem 1 and 2
2 Total iron as ferrous.
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Fig. 3. Compositional variations of spinel and olivine in the
Saramta peridotites, with the olivine-spinel-mantle-array (OSMA:
Arai, 1987, 199, shown as a gray thick line. Compositional fields
of ocean-floor peridotites (OP: dotted line), kimberlite xenoliths
(XK: dashed line), and xenoliths in hotspot basalts (XH: solid
line), compiled byArai (1990) are also shown. Solid and open
symbols show data in this study and those fr@ornova and
Petrova (1999)respectively.

Opx are Al-rich enstatites with 0.33-0.84 wt.%
CaO. Opx inclusions within Grt are relatively high
in XMg (0.74-0.76). Opx from the intensely ret-

rogressed Grt-websterites, including the neoblastic Prp<— 05 0.6 0.7 0.8
and symplectitic varieties, are distinctively enriched

in XMg (0.79-0.81), while the kelyphitic Opx tend
to be low in XMg (0.68-0.70) and high in AD3
(Figs. 4 and 5 For matrix Opx, AyOs contents

(0.74-4.51wt.%) increase and XMg (0.68-0.75) de-

crease toward the rimgFigs. 5 and B Based on
detailed line profilesKig. 6), such chemical zoning
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Fig. 4. Compositional variations of pyroxenes (above) and garnet
(below) from the Saramta ultramafic rocks and adjacent granitic
gneiss in the Sharyzhalgai complex.

with kelyphites and for those from the fine-grained
Grt-websterite. In a rare case, core compositions of

occurs irrespective of the mode of occurrence, and is Grt with Cpx and Amp inclusions are slightly low
most noticeable in Opx in contact with Grt grains and in XPrp and high in XGrs, compared with those of

kelyphites.
Grt are pyrope-almandine series; XPrp (Mg/(€a
Mg+ Fe#t +Mn)) and XGrs (Ca/(Ca- Mg + Fé#+ +

homogeneous Grt graingdble 2.
Amp in the Grt-websterites are pargasitic, based
on Leake et al. (1997)and the inclusions in Grt

Mn)) are 0.29-0.46 and 0.13-0.18, respectively. Grt are high in XMg, compared with those within ke-
are generally homogeneous in composition, but XPrp lyphites, symplectites and replacing Cpx margins
is low at the margins and XGrs decreases toward (Table 2. Pl compositions vary from labradorite
the rims fFigs. 4 and 6 Table 2. Such composi- (XAn = Cal/(Ca+ Na+ K) = 0.65-0.72) in ke-
tional heterogeneities are common for Grt in contact lyphites to anorthite (XAn= 0.89-0.94) in sym-
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plectites Table 2. Rare matrix Ol exhibit XMg of
0.83-0.84, and symplectite Ol of 0.77-0.79.

4.3. Granitic gneiss

Opx in the granitic gneisses contains,@® of
5.6-7.8wt.%; XMg concentrate in a relatively nar-
row range Figs. 4 and » Within the matrix, Opx
in Pl-dominant parts are slightly elevated in XMg,
with Al203 enrichment in their rims. Opx inclusions
within Grt contain AbOs of 6.1-7.0 wt.%, with XMg
similar to those of matrix Opx. Grt are heteroge-

(Table 3. In the core of Grt porphyroblastig. 2d
and g, Pl between the Grt and Opx inclusions are dis-
tinctively high XAn (0.48-0.50; andesin&able 3.

5. Discussion
5.1. P-T conditions and histories
5.1.1. Peridotites

PrimaryP—T conditions of peridotites are generally
poorly constrained since there are few established

neous with XGrs (0.01-0.12) and XPrp (0.27-0.45). geothermobarometers for Grt-free peridotites. Addi-
In general, they show reverse zoning; XGrs and XPrp tionally, Fe-Mg partitioning between Ol and Spl is
being higher in their cores. This zonation is especially easily re-equilibrated upon cooling. Application of the

noticeable at contacts with BFig. 4). Grt porphy-

graphical two-pyroxene thermometaetir{sley, 1983

roblasts with abundant inclusions preserve relatively for the Saramta lherzolite yielded temperature condi-

low XPrp compositions within the corddble 3.
Compositions of Bt and PI vary by their modes of
occurrence. Matrix Bt has a high XMg, while those
included within Grt porphyroblasts are low in XMg
(Table 3. Rimward decrease of XMg is noted. Ma-
trix Pl are oligoclase (XAn= 0.18-0.24), and the
rim compositions are often slightly enriched in XAn

tions of c. 900 C at 1.5 GPakKig. 4). However, assum-
ing that all tetrahedral Al occurs as Ca-tschermak, Cpx
within the Saramta peridotites contains Ca-tschermak
components of 11.1-13.5mol% in the lherzolite and
5.6-8.0 mol% in the harzburgite. Based on the petro-
genetic grid in the CaO-MgO—-AD3-Si0, (CMAS)
system Herzberg, 1978 these values for Cpx co-
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existing with Opx, OlI, and Spl, yield 1090-1160 (Arai, 1994. These relationships suggest that the
at 0.8-1.8GPa for the lherzolite, and 920-10C0  Saramta peridotites, especially the harzburgites, may
at 0.7-1.7 GPa for the harzburgite. These tempera- have experienced partial melting at HP conditions,
tures are significantly lower than those previously corresponding either to near the Grt-Spl transi-
calculated using re-integrated bulk-mineral compo- tion or to within the Grt stability for the peridotite
sitions (about 1400C for Spl-harzburgite Gornova system.
and Petrova, 1999Indeed, pyroxenes in the Saramta
Spl-peridotites exsolved laths of Opx or Spl during 5.1.2. Garnet-websterite
cooling, thus losing their primary magmatic compo- Several geothermometers, Grt—OpxHaftley,
sitions. 19843, Grt—Cpx Ellis and Green, 1979 Cpx—Opx
Pressure conditions can be inferred assuming that (Wood and Banno, 1973 Grt—Hbl Graham and
the chemical compositions of Saramta Ol and Spl re- Powell, 1984, Hbl-PI Holland and Blundy, 199
flect the igneous petrological characteristics of other and one geobarometer, Grt—Op¥afley, 1984,
mantle-derived Spl-peridotites. Anhydrous melting were applied to the least retrogressed Grt-websterites.
of mantle peridotites at higher-pressure or higher Mineral compositions, taken for calculations, are
temperature conditions tends to produce a residual listed inTable 2and results are summarizedliable 4
trend with higher XMg in Ol and lower XCr in Spl  andFig. 7a
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Grt—Opx geobarometers are based on equilibrium
reaction (1):

Mg3Al2Si3012 = Mg,SizOg + MgAI,SiOg 0}

pyrope= enstatite+ Mg-Tschermak pyroxene

Using THERMOCALC (version 2.7) with an up-
dated version of the internally consistent thermody-
namic dataseRowell and Holland, 1994; Holland and
Powell, 1998 and calculated end-member activities of
Grt and Opx followingHolland and Powell (1998}his
equilibrium lay withinP-T ranges in good agreement
with those obtained bifarley (1984b) differences of
pressure estimates between the THERMOCALC pro-
gram and by the calibration dflarley (1984b)were
less than 0.2 GPa at 1000.

Textural relationships between Grt and Opx
(Figs. 2a and pindicate that Al-zoning in Opx formed
according to reaction (1). The rimward Al-enrichment
is observed not only within matrix Opx but also in
Opx inclusions within Grtig. 6). This relationship
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compositions yielded the higheBtT conditions of
1.9-3.0GPa at 800-103C, with the finer-grained
sample (98019) giving slightly lower pressure and
higher temperature estimates than the coarse-grained
sample (98012). In addition, geothermometry using
these Cpx compositions give lower temperature esti-
mates for both samplegig. 79. Although the par-
tially retrogressed samples tend to be finer grained,
Cpx grains were homogeneous under the microscope
and contained no exsolutions detectable through X-ray
mapping. However, probe data show that Cpx was
clearly zoned with respect to AF{gs. 5 and § and
it is probable that core compositions have also been
modified during late stage retrogression. Therefore,
the conditions calculated at the peak stage of 3.0 GPa
at 1030°C should be regarded as a minimum esti-
mate, and are not inconsistent with previéu4sS esti-
mates for the Saramta Grt-websterites (2.2—-3.8 GPa at
c. 1000°C; Sharkov et al., 1995; Gornova and Petrova,
1999.

During post-peak stage 3, kelyphites with no hy-

suggests that Opx compositions with the lowest of drous mineral replace the margins of Grt grains and
Al,0O3 concentrations (i.e., those within the core of are subsequently partly replaced by kelyphites with
individual grains) should be used in order to ob- hydrous minerals such as Bt and Prg. During stages 2
tain pressure conditions as close to the maximum as and 3, the composition of matrix Opx was modified to

possible. Even those values should be regarded ashigher Al content and lower in XMg, while Grt was

minimum estimates.
As noted earlier, stage 1 of th&-T history of the
Grt-websterites is characterized by inclusions of €px

also modified to lower XMg, even for grains without
kelyphite rims Fig. 6). As mentioned before, de-
grees of compositional modification, especially for Al

Amp and Opx in Grt, and corresponds to the pre-peak contents in Opx, are different from each grain, even

stage.P-T calculations using the inclusions Cpx and
Prg with higher XMg and lower Al contents, and the
Grt core with slightly lower XMg yielded 640-65C
at a fixed pressure of 1.0 GPa (stageHig: 73. This

inclusion assemblage poorly defines pressure condi-

tions, but the Grt stability in the pyroxenite CMAS
system Herzberg, 197Bsuggests a minimum pres-

within one sample. Thus, Opx compositions with the
highest of AbO3 concentrations among those from
the rims of individual grains in matrix or kelyphite
were used to obtain pressure conditions as close to
the minimum as possible, although there might be
Opx compositions that have truly retained conditions
between stages 2 and 3. Geothermobarometry with

sure estimate of about 0.9 GPa. However, calculations rim compositions of matrix Grt and Opx resulted in

using the core inclusions, Opx with higher XMg and

P-T estimates of 0.6-0.9GPa at 750-820) and

Al contents, and Grt core, gave higher temperatures of that with kelyphitic Grt+ Opx + Prg+ PI yielded

about 780C at 1.5 GPa (stage 1big. 79, suggesting

slightly lower pressure conditions around 0.5 GPa at

that these mineral inclusions would have retained their 780-830°C (stage 3 irFig. 7aand Table 4. Finally,
assemblages and compositions at different sub-stagesn stage 4, shear planes and veinlets are characterized

during progressivé®-T increases.
Stage 2 can be regarded as the p&all stage,

by Prg, Chl, and Cal. Additionally, the kelyphites
were replaced by BP-T conditions at this stage are

as it is characterized by an anhydrous assemblage ofnot well constrained but most likely correspond to

Cpx with lower XMg, Opx with lower XMg and Al
contents, and Grt with higher XMg. These mineral

lower amphibolite- to greenschist-facies conditions
(Fig. 79.



Table 4
Summary ofP-T estimates for the Saramta garnet-websterites and adjacent granitic gneiss in the Sharyzhalgai complex
Assemblage Grt—Opx Grt—Opx—Cpx Grt—Opx—Amp Grt—Opx—Amp—PI Grt—Cpx—Amp Grt—Opx—PI Grt—Bt—PI
geothermobarometer ~ H84a H84b EG79+ H84b WB73+ H84b GP84+ H84b HB94 + H84b EG79+ GP84 H84a+ ENK91 FS78B+ H90
T(EC) P(kb) T(CC) P(kb) T(CC) P (kb) T(EC) P(kb) T(CC) P (kb) T(EC) T(CC) T(C) P (kb T(°C) P (kb)
98012 (garnet-websterite)
Matrix core 940 27.5 816 23.9 864 25.3
Matrix rim 819 8.9
98019 (garnet-websterite)
Inclusion a 647 641
Inclusion b 782 145
Matrix core 1000 25.0 991 24.8 894 221
Matrix rim 748 6.1
Kelyphite 787 4.9 784 4.9 831 5.4
98027 (granitic gneiss)
Inclusion 747 6.0 842 7.8
Matrix core 940 9.3 846 9.0
Matrix rim 816 51 773 4.7

Mineral compositions listed ifTables 2 and 3vere used for the calculations. Geothermometers: H8%aley (1984a) EG79, Ellis and Green (1979)WB73, Wood and Banno (1973)GP84,
Graham and Powell (1984HB94, Holland and Blundy (1994)FS78B, Ferry and Spear (1978)ith Berman (1990% garnet solution model; Geobarometers: H8#arley (1984b) ENK91,
Eckert et al. (1991)H90, R1 calibration ofHoisch (1990)

@ Calculated at a given pressure of 1.0 GPa.
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Integrating thes®-T estimates allows us to depict
a clockwiseP-T path for the Saramta Grt-websterite,
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showing a significantP-T increase up to the

eclogite-facies grade followed by decompression
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along a steeplldT path; the decompression might be

nearly isothermal because of the minimdAT esti-

mates for the stage 3 (a dotted patlrig. 79. Finally,
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Fig. 7. P-T diagram showing estimated metamorphic conditions of the Saramta garnet-websterites (a) and adjacent granitic gneiss (b) in the

the Grt-websterite would experience a nearly isobaric

Sharyzhalgai complex. Garnet—spinel transition curves for lherzolite and pyroxenite ardexftberg (1978)and the other reaction curves
were computed by using a program, THERMOCALRo(vell and Holland, 1994; Holland and Powell, 199Results ofP—T calculations

for studied samples are shown as assemblages of two to four reaction curves for geothermobarometry (inset), listed ifateet 4d
shaded line with arrows is a possitfeT path, and numbers in circles represent stagg2-ih history for the garnet-websterite, described

in text. Boxes with dotted lines indicaf-T conditions estimated for metamorphic rocks in the Bulun block of the Sharyzhalgai complex

(Sklyarov et al., 1998 S, subduction (early) stage; C, collision (late) stage; R, retrograde (latest) stage; b, metabasite; p, metapelite. See

text for further explanations.



342

cooling during the latest retrograde stag&ornova
and Petrova (1999)eported melt inclusions within
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tion of this reaction and the geothermobarometry for
the pre-peak and peak stages suggests that the granitic

Grt and pyroxene from the Saramta websterites, and gneiss reached pe&T conditions through a progres-

indicated that they were derived by melting at temper-
atures up to 1300C. The Grt-websterites examined in
this study would have also experienced much higher
temperature conditions prior to the prograde stage.
According toBrueckner and Medaris (20003uch a
P—T history is characteristic of alpine-type, prograde
subduction-zone mantle peridotites.

5.1.3. Granitic gneiss

P—T conditions for the granitic gneiss were esti-
mated using the Grt—Opx geothermometkiarley,
19843, the Grt—Bt geothermometer dferry and
Spear (1978)with a Grt solid solution model of
Berman (199Q) and the Grt—Opx—PIl-QtzE€kert
et al., 199) and Grt-Bt-PI-Qtz (R1 calibration:
Hoisch, 1990 geobarometers. Mineral compositions,
listed in Table 3 were used for calculations, and the
results are shown imable 4andFig. 7h

Varieties in modes of occurrence and chemical com-
positions of minerals in the granitic gneiss suggest that

sive P-T increase, and that Bt-breakdown by reaction
(2) was related to partial melting, i.e., migmatization.

Finally, the post-peak stage is characterized by rim
compositions of Grt and Bt with lower XMg, and
matrix Opx with lower ApO3. These compositions
yielded lower P-T estimates of 770-82@& at c.
0.5 GPa. Within the migmatitic gneiss, Grt porphy-
roblasts within Bt-absent domains are armored by
Pl and Opx, but are not in direct contact with Qtz
(Fig. 2f). This texture suggests reaction:

grossular pyrope+ quartz= anorthite+ enstatite
3)

In the CMAS system, this reaction has a very gen-
tle positive slope ifP—T space, and indicates that the
migmatitic gneiss also experienced significant decom-
pression after the pedk-T conditions.

As a result, the textural and compositional changes
of minerals allow us to delineate BT path for the

their recrystallization can be divided into three stages: granitic gneiss, in which the temperature progressively
pre-peak, peak, and post-peak stages. The pre-peakncreased up to metamorphic peak conditions, subse-
stage is characterized by the inclusion assemblagequently followed by both pressure and temperature
in the core of the Grt porphyroblasFig. 2d and decrease. The replacement of Grt and Bt by Chl and
€). Geothermobarometry using these inclusions Opx, Ms suggests that the gneiss has undergone low-grade
Bt, and PI, and the core of Grt yield 750-84D at metamorphism, most likely in the greenschist-facies.
0.6-0.8 GPa. The peak stage is recorded by core com-

positions of matrix minerals Grt, Bt, and Opx with
higher XMg, which gave slightly highd?—T estimates
of 850—940°C at 0.9-1.0 GPa.

The inclusion assemblage of kisOpx+ PI+ Qtz
without Bt, occurs predominantly in the mantle of Grt

5.2. P—T evolution of the Sharyzhalgai complex

The P-T history of the Saramta Grt-websterites
indicates that they were subducted to depths of c.
100km and subsequently exhumed to mid-crustal

porphyroblasts. This suggests that Kfs could have beendepths, followed by rapid cooling. The host gneisses

derived by the decomposition of Bt in the following
reaction:

biotite + quartz
= alkali feldspar+ orthopyroxenet water

)

Based on the THERMOCALC calculations, this re-
action in the KFASH system indicat®s-T conditions
of ¢. 800°C at 0.7 GPa. However, with increasing
MgO in the system, the stability field of Bt expands
towards higher temperaturd=i§. 7b, thus a melt
would be produced in the KFMASH system. Integra-

have undergone prograde metamorphism accompa-
nied with migmatization at mid- to lower-crustal
levels prior to uplift and cooling at mid-crustal levels.
Both lithologies share similar geological histories be-
ginning with the granulite-facies metamorphism at the
mid-crust. On the other hand, even though pPak
conditions for Grt-websterites correspond to the Grt
stability field in the peridotite system, no HP relic, un-
der subsolidus conditions, has been found within the
Spl-peridotites that enclose the Grt-websterites. Dur-
ing granulite-facies migmatization, mineralogical fea-
tures of both the Spl-peridotites and Grt-websterites
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were notably modified. The highly retrogressed
Grt-websterites were completely recrystallized in the
Spl stability field with the production of RI Ol 4 Opx
symplectites with a trace amount of Spl. There is
no HP relic of the peak stage of metamorphism in
those Grt-websterites. It is likely that the surrounding
Spl-peridotites also underwent the complete retro-
gression, which obliterated the earlier HP mineralogy.
A similar relationship can be observed between
coesite- and/or microdiamond-bearing ultrahigh-
pressure (UHP) eclogites and their enclosing loRer
metamorphic rocks in Phanerozoic collisional orogens
(e.g., Liou et al., 1994 Commonly, the enclosing
lower P host rocks apparently have no record of UHP
conditions. In addition, UHP eclogites are highly
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mantling Rt) in theP-T calculation, the resulting
peakP-T conditions Sklyarov et al., 1998have been
under-estimated. Recalculations using Grt, Hbl, and
PI compositions of the metabasite from the literature
(sample number 7010Isklyarov et al., 199Byielded
higher P-T conditions of 690-720C at c. 1.4 GPa
(Sb in Fig. 79. Here, the Grt—Hbl Graham and
Powell, 1984 and Hbl-PI Holland and Blundy, 1994
geothermometers, combined with the Grt—Hbl-PI
geobarometeiohn and Spear, 1990and the THER-
MOCALC program Powell and Holland, 1994;
Holland and Powell, 1998with end-member activity
models of Amp, Grt and Pl bydolland and Powell
(1998) were applied. The>-T estimates of the HP
metamorphism for the metabasites in the Bulun block

retrogressed back to granulite- or amphibolite-facies are comparable with those of the pre-peak stage for
mineralogy, where lowerP overprinting is often the Saramta Grt-websterite, though temperatures are
accompanied by intense deformation and decom- slightly low. Based on the presence of omphacitic Cpx
pression melting. However, recent studies of mineral and the possibility that eclogitic assemblages without
inclusions within pressure resistant phases such asPl may have been present originally, we suspect that
Grt and Zrn, have revealed the presence of UHP peakP-T conditions of the metabasites were likely to
minerals such as coesite, indicating that retrograded have been higher than estimated here.
eclogites and even the enclosing gneisses had actu- Metapelites in the Bulun block also record an early
ally experienced UHP conditions (e.g., summary in HP and late LP metamorphism, characterized byGrt
Liou et al., 1994. The close spatial association of the Bt + Ky + St and Grt+ Bt + Crd + Sil paragene-
Saramta Grt-websterites with Spl-peridotites suggests ses, respectivelySklyarov et al., 1998 They differ
that at least some of the ultramafic bodies, including from the gneisses in the lower sub-suite of the Kitoy
the Saramta massif, and probably the host gneissesblock, which do not preserve evidence for the earlier
underwent eclogite-facies metamorphism. However, HP metamorphism since they have been completely
further investigations are required. recrystallized. The mineral assemblage of the middle
The Bulun block in the western part of the sub-suite granitic gneiss is comparable with that of
Sharyzhalgai complex is also composed of granulite- the late LP stage of the Bulun block, indicatifgT
facies granite-gneiss containing lenses or layers of conditions of 600-760C at 0.5-0.7 GPaSklyarov
ultramafic rocks and metabasites with petrochemi- et al., 1998. During the latest stage, the gneiss and

cal features similar to those in the Kitoy block (i.e.,
MORB affinities: Sklyarov et al., 1998 The metab-
asites in the Bulun block record early HP and late

metapelites from both blocks were subjected to simi-
lar lower-grade metamorphism (c. 500 at 0.4 GPa:
Rp in Fig. 7b. Assuming that the LP metamorphism

LP metamorphism, characterized by assemblages ofin these two blocks was synchronous, the rocks in the

Grt+ Hbl + Pl + Qtz+ Cpx £ Ep+ Rt + IIm and

Grt + Cum+ Pl 4+ Qtz £+ Hbl &+ Ep £ IIm, respec-
tively (Sklyarov et al., 1998 Occasionally Cpx are
omphacitic, and symplectites of CpxPI after Omp

Bulun and Kitoy blocks could represent the lower- and
the higher-grade parts of the late LP metamorphism,
respectively.

These relations suggest that the HP metamorphism

have also been noted in some metabasites with Pl-freeup to the eclogite-facies, followed by granulite-facies

matrix, suggesting eclogite- or HP amphibolite-facies
conditions (c. 540C at c. 1.2 GPa) followed by the
LP amphibolite-facies overprinting (up to 600 at
0.5-0.6 GPa) to form the symplectitedk{yarov et al.,
1998. Due to including retrograde minerals (i.e., Spn

LP metamorphism and extensive migmatization, was
a general feature in the entire Sharyzhalgai com-
plex; the ultramafic rocks, including the Saramta
Grt-websterite, could represent the highest-grade
record of the HP metamorphism. SuchPaT evo-



344
5| Sharyzhalgai complex
- [R] WR/Rb-Srisochron WR/Sm-Nd DM model
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Fig. 8. Frequency distribution diagrams showing isotopic ages of
various rock types from the Sharyzhalgai and Onot complexes.
Data with small open and solid circles indicate monazite and
monazite+ zircon ages; the remainders do zircon or whole-rock

ages. WR, whole-rock; DM, depleted mantle; L, lower concordia

intercept age; U, upper concordia intercept age; c, inherited core
with distinct overgrowth; r, overgrowth rim. See also explanations

in text.

lution of the Paleoproterozoic Sharyzhalgai complex
would be similar to those of Phanerozoic UHP meta-
morphic collisional orogens.

5.3. Timing of HP metamorphism

A summary of the geochronology of the Sharyzhal-
gai complex is shown inFig. 8 Brandt et al.
(1985) reported a whole-rock Rb—Sr isochron age
(2.5140.10 Ga with 87Sr£®Sr), of 0.7011+0.020) of
ultramafic rocks (Ol-pyroxenites) intercalated within
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(1991) suggested the presence of earlier metamor-
phism formed kinzigite (a granulite-facies rock with
pelitic composition) (c. 2.5-2.4 Ga). But they also
proposed a 2.0-Ga regional granulite-facies metamor-
phism because the mafic protoliths of granulite-facies
rocks give Sm—Nd model ages of 2.4-2.3 Ga. How-
ever, Gornova and Petrova (1999)oted that the
Sm-Nd model ages might be invalid for estimating
protolith ages due to the possibility of an open-system
behavior in the Sm—Nd system for Archean rocks
affected by much later tectonothermal events in-
cluding migmatization (e.gMoorbath et al., 1997
They argued that the mafic protoliths were older,
i.e., Middle Archean in age, based on their Rb—Sr
whole-rock isochron age of.BO £ 0.08 Ga of the
granulites. Consequently, there is no need to pro-
pose a granulite-facies metamorphism at c. 2.0 Ga.
The Middle Archean to the early Paleoproterozoic
protoliths of the Sharyzhalgai complex could have
been extensively metamorphosed only once under the
granulite-facies conditions, recorded in the gneisses
and associated rocks, during early Paleoproterozoic
times (c. 2.5-2.4 Ga).

On the other hand, the Onot complex, an equiv-
alent to the Sharyzhalgai complex is comprised of
granitic rocks including tonalite, migmatitic gneisses,
amphibolites, mafic granulites, ultramafic rocks, and
minor metacarbonates and metapelites (&kiltova,
1993. Some of the mafic granulites and ultramafic
rocks (Spl-peridotites and Spl- or Grt-websterites), in-
tercalated within the gneisses, record the HP granulite-
to eclogite-facies metamorphism with a later lower
P granulite- to amphibolite-facies overprirstfarkov
et al., 1996; Sklyarov et al., 20p1Sensitive High

gneisses, and suggested that they were mantle-derivedResolution lon MicroProbe (SHRIMP) U—Pb dating

materials crystallized at the latest Archeditalion

et al. (1991)reported Rb—Sr, Sm—Nd (whole-rock
model), and U-Pb (Zrn and Mnz) isotopic ages of
gneisses, granulites, and granitic rocks from the Irkut
block, and identified the following stages; forma-
tion of granitic (c. 2.8 Ga) and mafic (c. 2.4-2.3 Ga)
protoliths, early granulite-facies metamorphism (c.
2.5-2.4Ga), late granulite- to amphibolite-facies
metamorphism (c. 2.0 Ga), and finally extensional up-
lift with intense deformation and formation of granitic
rocks (c. 1.9-1.8 Ga), corresponding to granitic intru-
sions of the Sayan complex (ZfA’Pb-2%Pb ages of
2.00-1.64 GaBryntsev et al., 1986 Aftalion et al.

of Zrn separated from a Qtz—Grt—Ky metasedimentary
rock in the Onot complex provide??’Pb-29%Ph ages
ranging from 2.67 to 1.99Ga (17 analyses from 15
grains;Fig. 8). These ages were interpreted as reflect-
ing protolith formation at 2.67-2.52 Ga (seven grains),
HP metamorphism at 2.48-2.41 Ga (seven grains), and
resetting to the youngest age of 1.99 Ga during late
tectonothermal events related to granitic intrusions of
the Sayan complex, extensively developed in other
complexes of the Pre-Sayan basem&ttyarov et al.,
2002).

Sklyarov et al. (2001¢onfirmed Ky inclusions in
Zrn grains from the Qtz—Grt—Ky metasedimentary
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rock, suggesting that at least some of the Zrn grains The question is whether or not subduction could
were of HP metamorphic origin. The early Paleopro- have occurred at the end of the Archean. In general,
terozoic HP metamorphism is still debatable because a hotter mantle in the Archean is thought to have
relationships between distribution of the inclusions resulted in buoyant oceanic lithospheres with thicker
and internal textures in actually dated Zrn grains are oceanic crust, due to higher production rates of melt
unclear, although inherited cores (2.6—2.5Ga) with at spreading centers and thinner underlying litho-
distinct overgrowths (c. 2.4 Ga) have been confirmed spheric mantle, because fast convection of a hotter
from some of the dated Zrn grainki¢. 8 M. Fan- mantle with lower viscosity would have caused the
ning, personal communication). oceanic lithosphere to have less time to thicken and
In summary, we suggest that the eclogite-facies become gravitationally unstabl&leep and Windley,
metamorphism, recorded in the Pre-Sayan basement,1982; Davies, 1992 For example, recent petrological
would have occurred at the early Paleoproterozoic investigations of Early and Middle Archean MORB
times, with regarding the SHRIMP results. However, suggest oceanic crustal thickness of 15—20 khhté

further examinations should be required. et al., 1996 Komiya, personal communication), and
a tentative estimate of a 50 Ma-old Early Archean
5.4. Tectonic implications oceanic lithosphere yielded a thickness of around

40km (Komiya et al., 1999 However, even 40 km

Gornova and Petrova (1999suggested that thick oceanic lithospheres could have been subducted
mafic and ultramafic rocks (Saramta Spl-peridotites beneath more buoyant continental lithosphere or even
and Grt-websterites) from the Kitoy block of the younger oceanic lithosphere. It has been suggested
Sharyzhalgai complex could represent a fragment that Early Archean proto-continental crust, composed
of the Archean oceanic crust and underlying upper of tonalite-trondhjemite-granodiorite (TTG), was pro-
mantle. However, compositional features of Ol and duced by partial melting of subducting slabs with a
Spl from the Saramta peridotites, as previously de- dense eclogitic mineralogy (e.dRapp et al., 1991
scribed, and characteristics of major, trace and rare The high geothermal gradients at the Archean subduc-
earth elements in the Saramta websteritésrfiova tion zone would lead to melting of eclogitized basaltic
and Petrova, 1999mply that the Saramta ultramafic  oceanic crust, previously hydrothermally altered at
protoliths were subjected to partial melting and crys- the mid-ocean ridge, to form the TTG suite, when the
tallization at HP conditions up to 2 GPa or more. This oceanic lithosphere reached beneath the continental or
evidence for derivation at depths over 60 km appear to oceanic lithosphere with thickness over 30 km. This
contradict an origin by mid-ocean ridge magmatism model for Archean subduction is shown fig. 9a
for the ultramafic protoliths, even considering that In this model, the Archean (proto-)continental crust,
pre-1 Ga ophiolites are generally thought to be de- composed mainly of the TTG suite, would be too
rived from a 14—-21 km thick magmatic crusfi@ores, buoyant to subduct into the deep mantle, resulting in
1986, 1993, 2002 a direct continent—continent or continent—island arc

An alternative hypothesis is that the Saramta ultra- collision followed by their amalgamatiorFig. 99.
mafic protoliths derived from sub-arc mantle materi- Therefore, there should not be eclogite-facies meta-
als. The enrichment of incompatible trace elements in morphism of continental crust.
the Saramta ultramafic rocks, interpreted as metaso- On the other hand, continental subduction was more
matic effects by migmatization of the host gneisses likely in the Proterozoic. A Paleoproterozoic subduc-
in the mid-crust Gornova and Petrova, 199%ould tion zone with a lower geothermal gradient would
also be explained by a fluid-related subduction-zone have enabled a thicker (older) oceanic lithosphere with
metasomatismBrueckner and Medaris, 2000The a thinner oceanic crust to subduct into deep mantle,
presence of hydrous mineral inclusion (i.e., Amp) in without melting the oceanic crugkig. 9b. The hang-
Grt of the Saramta Grt-websterite (stage 1a) is consis- ing wall of the mantle wedge would have been meta-
tent with derivation from the sub-arc mantle, hydrated somatized extensively by dehydration fluids from the
by fluids released by dehydration of the subducting subducting oceanic crust, in contrast to a small volume
slab. of the Archean mantle wedge metasomatized by fel-
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(a) Archean: High geothermal gradient (b) Paleoproterozoic: Lower geothermal gradient
. [in a case of the southwestern margin of Siberia]

proto-continent accretionary complex f‘.,t':\, arc

thin lithospheric mantle partial melting

thick oceanic crust thinner oceanic crust . .
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Fig. 9. Schematic cartoons of subduction zones, showing contrasting modes of orogenic processes. (a) Archean. Due to high geotherma
gradients, subduction of a thin (young) oceanic lithosphere with a thick oceanic crust results in partial melting of the basaltic oceanic
crust to form felsic magma. A highly buoyant continental lithosphere results in breaking-off of the subducting lithosphere at shallow
depth, followed by the “head-on” continental collision and related magmatism. There is no subduction of continental crust in this model.
(b) Paleoproterozoic (in a case of the southwestern margin of Siberia). Numbers in open circles correspond to metamorphic stages 1, 2,
and 3 of the Saramta massif, examined in this study. The Paleoproterozoic subduction zone with lower geothermal gradients enables a
thicker (older) oceanic lithosphere with a thinner oceanic crust to subduct into deep mantle. The hanging wall of the mantle wedge is
metasomatized by dehydration fluids from the subducting oceanic crust, and a partial melting of the mantle wedge produces mafic island
arc magma, where ultramafic protoliths of the Saramta massif (shaded circle) would be generated. With the ingoing subduction of the
continental lithosphere, a sub-arc mantle material is trapped into the (proto-)Sharyzhalgai metamorphic slab (stage 1), and subsequently
subducts to further depths together with the host supracrustal rocks (stage 2). However, the highly buoyant subduction of the continental
lithosphere causes the break-off of the subducting lithosphere at depth; the resultant rebound of the continental lithosphere could help
exhumation of the metamorphic slab, and the following asthenosphere injection would trigger a post-collisional magmatism. The exhumed
metamorphic slab undergoes tectonothermal overprints with extensive migmatization in mid-crustal levels (stage 3).

sic (TTG) magmas. A partial melting of the hydrated would have caused the exhumation of the metamor-
mantle wedge would have produced mafic island arc phic slab (e.g.Maruyama et al., 1996 The exhumed
magma, leaving behind ultramafic protoliths of the metamorphic slab would have undergone tectonother-
type found in the Saramta massif. With the ingoing mal overprinting with extensive migmatization (de-
subduction of the continental lithosphere, this sub-arc compression melting) at mid-crustal levels (stage 3),
mantle material could have been trapped into a meta- and lost much of its original record of deeper-level
morphic slab (proto-Sharyzhalgai complex), where it metamorphism, prior to final exhumation.

would be refrigerated (stage Brueckner, 1998 and Itis debatable whether an orogenic process, such as
subsequently subducted to further depths together with that presented here, could have occurred in Archean
the host supracrustal rocks (stage Byueckner and or Paleoproterozoic times. But the eclogite-facies
Medaris, 200D However, the highly buoyant subduc- metamorphism andP-T evolution of the Saramta
tion of the continental lithosphere would have caused Grt-websterites and other rocks in the Sharyzhalgai
the break-off of the subducting lithosphere at depth; complex suggest that early Paleoproterozoic plate
the resultant rebound of the continental lithosphere subduction could have transported crustal materials,
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