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High-T metamorphic rocks and exhumation process of the Tseel terrane, SW Mongolia
High-T metamorphic rocks and exhumation process of the Tseel terrane, SW Mongolia
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Tseel area, Tseel metamorphic terrane, SW Mongolia is mainly composed of metapelitic gneisses, amphibolites (sillimanite
zone) and intruded by ring structure of the granitoids (sillimanite zone) and covered by sediments. Three mineral zones in th
pelitic gneisses determined based on the petrographic study and mineral assemblages of each zones as follows: (1) Biotite zc
(Bt + PI + Qtz + Ms + Chl + Cal) (2) Garnet zone (Grt + Bt + Pl + Qtz +/- Chl +/- Ru +Il + Cal) (3) Sillimanite zone (Grt + Bt
+ Pl + Qtz + Sil + Ms + Chl +/- Crd +/- St + Ru + I+ Cal +/- Fe-Mg Amp). Biotite zone observed in most area of southern and
northern parts of Tseel area. Garnet zone is determined between biotite and sillimanite zones. The sillimanite zone is observe
in the central parts of Tseel area. All mineral zones observed along the foliation from E to W trends at Tseel area.

We showed the characteristic features of chemical compositions of garnet, biotite and plagioclase in the pelitic gneisses an
determine the P-T paths deduced from the garnet chemical zoning using thermodynamic equilibria in Tseel area as follows
Garnet in the pelitic gneisses shows almandine-rich compositions and some samples show clear compositional zoning. Bas
on the Ca (grossular) composition of garnet, the sillimanite zone is subdivided into sillimanite A and B zones. Garnet in the
garnet zone shows relatively homogeneous compositions in the range of (53G@&0@ 6.0-10.0 kbar). The garnet chemical
compositions in the sillimanite B zone show a homogeneous composition in a range of (62C-25@ 1.8-6.0 kbar), and
sometimes contain the retrograde rim produced by post-growth diffusion. The garnet chemical zoning in the sillimanite A zone
typically is divided into three zones from core to rim: zone 1 (high Ca with homogeneous), zone 2 (decrease in Ca), and zone .
(low Ca). The compositions of zones 1 and 2 correspond to those of garnet in the garnet and sillimanite B zones, respectively, ar
zone 3indicate the effect of the post-growth diffusion. The P-T conditions during garnet growth were calculated by garnet-biotite
geothermometry and garnet-biotite-plagioclase-quartz geobarometry. In application of geothermobarometry to garnet zoning
we calculated P-T conditions for four cases with highest and lowest XMg, Bt and XAn, PI, that provide the possible P-T ranges
for a given garnet composition and constrain roughly the shape of P-T path. The shapes of the P-T paths obtained for individuz
garnets are similar among the four cases, and the differences in pressure and temperature among the four cases are within
°C and 2.5 kbar, respectively. The P-T conditions estimated from the garnet zone are in a range of E3@&60®.0-10 kbar,
that are located at the kyanite stability field. The P-T conditions estimated from the sillimanite B zone are in a range of (570-69C
°C and 1.8-8.0 kbar). The longest P-T path is obtained from the samples in the sillimanite A zone, such as sample 3001, whic
shows a decompression from zone 1 (530-5Z@nd 6.0-9.6 kbar) to zone 3 (570-620 and 2.0-4.0 kbar), corresponding with
a change from the kyanite stability field to the sillimanite stability field. Zone 2 shows an increase in temperature@warido
a decrease in pressure by 4-6 kbar.

The intrusions of the granitoids occurred during the exhumation of the Tseel terrane, and produced the regional anticline
structures and mineral zones. The high temperatures and homogeneous garnet zoning of the sillimanite B zone were result
from the thermal effects from the granitoids. The sillimanite A and B zones experienced the P-T conditions of the kyanite
stability field, that was similar to the garnet zone. The high temperature of the garnet zone cannot be explained solely by th
contact metamorphism by granitoids, but the regional high geothermal gradient is expected in the subduction zones.

00 000: Tseel terrane, garnet, P-T paths, exhumation process
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The Red River shear zone is left-lateral shear zone caused by collision of the India to the Eurasian continent at the Paleogen
Although most metamorphic rocks were reset by the deformation, recent U-Pb and Th-Pb in-situ chronological investigations
have suggested complex ages from 262 to 25 Ma. In this presentation, we make clear the timing of the high-grade metamorphis
using HP and HT-UHT granulites.

To realize the metamorphic conditions and timing of the high-grade event, we use the fluid inclusion technique in associatior
with in-situ U-Pb zircon age. Abundant fluid inclusions are observed in garnet, corundum, staurolite, while are rare in quartz anc
zircon. Raman analysis shows that all fluid inclusions are composed £fTB@ir average densities calculated from two Raman
peaks are 1.00 +/- 0.06, 1.07 +/- 0.04, 1.09 +/- 0.03, 0.29 +/- 0.07, and 1.15 +/- 0.05g/garnet, corundum, staurolite, quartz,
and zircon, respectively. The low-density €€uids in quartz imply that garnet and corundum have grown up at the different
stage than quartz. The estimating pressure-temperature condition based on the mineral paragenesis (exclude quartz) and isoch
ical phase diagrams using whole rock chemistries of 3 rock types (garnet-corundum-sillimanite, garnet-spinel-sillimanite, anc
garnet-corundum-spinel granulites), former eclogite-faci€a.@ GPa at 800 C) metamorphism and subsequent decompression
under granulite-facies condition-L000 C at 1.5 GPa) are identified.

U-Pb zircon ages show wide range from 265 to 36 Ma, however dark luminescent core of zircon containing high-density
CGQO;, inclusions yields a concordia age of 257 +/- 8 Ma, clearly indicating time of high-grade metamorphic event. This simple
technique of combining Raman microscopy and U-Pb age could be easily and widely applicable to evaluate the zircon age an
mineral associations in considering pressure-temperature-time evolution of multi-metamorphic events.

ooodOo:in-situU-POOO OO, 00000,000000,000000000,0000
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Spinifex-textured olivine-enatatite rock and clinoenstatite formed by high pressure break

down of antigorite
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Petrogenesis and implications of jadeite-kyanite eclogite from the Iratsu body of the San

bagawa belt, SW Japan
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Discovery of a new occurrence of jadeite- and kyanite-bearing eclogite from an outcrop within the Iratsu body of the subduction
type Sanbagawa belt, SW Japan, allows us to assess existing solid-solution models for clinopyroxene, and obtain insights in
spatial variation in P-T conditions and/or@ activity during the eclogite-facies metamorphism of this region. The jadeite +
kyanite assemblage is stable at higher P-T conditions or lowé€) &ttivity compared to paragonite. There is no significant
difference in bulk rock composition between the newly found jadeite-kyanite eclogite and paragonite eclogite, which is the
predominant eclogite type in the Iratsu body. The jadeite-kyanite eclogite is a medium-grained massive metagabbro consis
ing mainly of garnet, omphacite, kyanite, quartz, epidote, phengite, subcalcic amphibole and rutile. Pre-eclogitic relics of sodic
augite (Jd_o4Acmg_16), actinolitic hornblende, Fe-rich garnet (Alg171Grsi9—_o5Prps—13Sps—4) and magnetite are sporadi-
cally preserved. Eclogitic garnet (A_¢1Grsig_20Prpo—_25Sps —2) optically shows a dusty appearance due to abundant mi-
croscopic inclusions of kyanite, quartz, epidote, phengite, omphacite_G3d\cm;_3) and impure jadeite (3d_ggAcmy_~).

Jadeite is exclusively present as inclusions in garnet. The miscibility gap between the ordered omphacite (P2/n) and disordere
impure jadeite (C2/c) progressively narrows during garnet growth, implying the temperature of the solvus apex coincides with
the thermal peak of metamorphism. The observed compositional gap and the result of garnet-clinopyroixénig &echange
thermometry are consistent with the phase diagram calculated in the pseudo-binary ayglite,(#icmy)-jadeite system by

using the newest solid-solution model of Deiner and Powell (2012), and the calculated apex of the omphacite-jadeite solvus i
at 625 deg.C. However, calculated pseudosections with XRF-derived bulk rock composition and the solid-solution model have
no jadeite stability field for any reasonable values of P, #,2¢ and Mgy 10, although the matrix assemblage is satisfactorily re-
produced. This may suggest effective bulk composition around growing garnet was significantly different from the XRF-derived
bulk rock composition. The localized feature of eclogite-facies equilibration is also inferred from the observed microstructures
such as Omp + Qz + Amp pseudomorphs (prograde symplectites) after igneous augite. We obtain the jadeite stability field in th
calculated pseudosections by subtracting augite from the XRF-derived bulk composition. High chlorine contents of amphibole
(<1.5 wt% CI) and apatite<7.0 wt% CI) indicate that the eclogite-facies equilibration was triggered by an influx of saline fluids.
Multi-equilibrium thermobarometry for the assemblage Grt + Omp + Ky + Ph + Ep + Qz gives metamorphic P-T conditions of
around 2.3 GPa and 600 deg.C. The estimated high-P conditions are also supported by high residual pressure (max. delta omeg
=13.3 cn1!, equivalent to 0.85 GPa) of quartz inclusions in garnet. These results imply the presence of a significant metamor-
phic pressure gradient within the Iratsu body, and detailed baric structure of this region will be revealed by further application of
the quartz-in-garnet barometry (Enami et al. 2007).

Reference: Deiner and Powell (2012) J Metam Geol 30, 113-130; Enami et al. (2007) Am Mineral 93, 1303-1315.
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Metamorphism of garnet glaucophane schists from the Bizan area, Sambagawa metamc
phic belt, eastern Shikoku, Japan
Metamorphism of garnet glaucophane schists from the Bizan area, Sambagawa metamc
phic belt, eastern Shikoku, Japan
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! Department of Geoscience, Shimane University, Japan

The Bizan area is located in the Tokushima Prefecture of eastern Shikoku, Japan and it is mainly composed of pelitic schist:
basic schists and siliceous schists with minor garnet glaucophane schists. Faure (1983) suggested that there occur a melange \
tectonic blocks of serpentinite, metagabbro and garnet-amphibolite (garnet glaucophane schists in this study) along the ducti
shear zone between spotted and non-spotted zones in the Bizan area. Garnet glaucophane schists consist mainly of garnet, am
bole, epidote, phengite (Si 6.41-6.80 pfu), paragonite, chloritoid, chlorite, albite, rutile, titanite, ilmenite and quartz. A schistosity
is defined by preferred orientation of glaucophane, phengite and chlorite.

Garnets are almandine-rich composition and display prograde growth zoning with deciégsin@.18-0.01) and increasing
X a1m (0.54-0.70) from the core to the rim. The cores of garnet contain inclusions of chlotkaid 0.08-0.23), chlorite, epi-
dote, phengite (Si 6.41-6.55 pfu), paragonite, titanite and quartz and polyphase inclusions of phengite + paragonite + epidote
chloritoid + chlorite + quartz assemblage. The rims of garnet contain inclusions of amphiboles (glaucophane; zoned amphibols
with barroisite core and glaucophane rim), epidote and quartz and polyphase inclusions of glaucophane + epidote. Garnets &
partly replaced by chlorite. Glaucophanes in the matrix contain inclusions of phengite, epidote, chlorite, titanite and quartz. Som
of them are partly replaced by Wnc, Brs, Mg-Ktp and Act at their rims and cracks. Phengites (Si 6.50-6.80 pfu) in the matrix
are contain inclusions of glaucophane, epidote and chlorite. Some large grains of epidotes and chlorites contain inclusions ¢
glaucophane, phengite, epidote, titanite and quartz.

Textural relationship, mineral assemblage and thermobarometric results suggest a polyphase tectonometamorphic evoluti
of the garnet glaucophane schists. The mineral assemblages of polyphase inclusions within the cores of the garnet such as b
roisitic amphiboles, cloritoid, chlorite, epidote, phengite, paragonite and quartz constrélfirtbenditions of a prograde stage
at 450-500C and 9-11 kbar (by THERMOCALC) at epidote-blueschist facies metamorphic conditions. The rims of the porphy-
roblastic garnets include inclusions of glaucophane, epidote, quartz and schistosity-forming matrix phengite suggesting the pe:
metamorphic mineral assemblages. THERMOCALC averagecalculation suggests a metamorphic condition of the eclogite
facies metamorphism of 550-600 and 17-19 kbar. Porphyroblastic garnets are partly replaced by chlorite at their rims, and
matrix glaucophanes are replaced by Wnc, Brs, Mg-Ktp and Act along rims and cracks suggests a retrograde metamorphis
took place at the epidote-amphibolite facies to follow a clockwise decompression path.

Large grains of epidotes and chloretes in the matrix which contain peak metamorphic mineral assemblages of glaucophan
phengite, epidote and quartz suggesting another high-pressure prograde metamorphism took place. This high-pressure metan
phism can be correlated with the Sambagawa metamorphism in the Besshi area, central Shikoku (Aoya, 2001; Kabir and Takas
2010a, b).

The eclogite facies metamorphism followed by another high-pressure metamorphism as the Sambagawa metamorphism is fir
described from the garnet glaucophane schists in the Bizan area, Sambagawa metamorphic belt. The metamorphic evolution
similar to that of the eclogites in the Besshi area, central Shikoku (Kabir and Takasu, 2010a, b). Eclogite in the Sambagawa be
occurs mainly in the Besshi area, central Shikoku and slightly in the Kotsu area, eastern Shikoku. This study revealed that th
occurrence of eclogites now extend to the Bizan area in eastern Shikoku.

Reference:

Aoya (2001)J Petrology 42, 1225-1248; Faure (1983)Geol Soc of Japa@9, 319-329. Kabir and Takasu (20104dYleta Geo/
28, 873-893; Kabir and Takasu (201QBarth Scj 64, 183-192.

0 0 0O 0O O : Sambagawa metamorphic belt, garnet-glaucophane schist, eclogite, chloritoid, Bizan area, eastern Shikoku
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Metamorphic conditions of kyanite-garnet-chloritoid schists associated with eclogites in
the Lake Zone, SW Mongolia
Metamorphic conditions of kyanite-garnet-chloritoid schists associated with eclogites in
the Lake Zone, SW Mongolia
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The kyanite-garnet-chloritoid schists associated with eclogites from the Alag Khadny metamorphic complex, Chandman dis-
trict, Lake Zone, SW Mongolia, consist of garnet, chloritoid, muscovite, phengite, chlorite, paragonite, kyanite, rutile, iimenite,
zircon, quartz and carbonaceous matter. Garnets occur as subhedral to anhedral porphyroblast up to 5 mm across and tt
are almandine-rich variety in composition. The garnets are zoned with inclusion-rich cores and inclusion-poor rims. The gar-
nets display a prograde pattern of compositional zonkg,, decreasing an& p,, increasing from core to rim. The cores
contain inclusions of muscovite5(=6.06-6.29 cations per formula unpfu), paragonite, chlorite, chloritoid and quartz. The
rims contain inclusions of kyanite (F®; <1.24 wt%; CsO{3} <0.03 wt%), phengite §i=6.40-6.63pfu), chloritoid (X a4
[Mg/(Fe+Mqg)]=0.08-0.18), chloriteX »;,<0.42), and quartz. A well-developed schistosity is defined by preferred orientation of
chloritoid (X a74 = 0.11-0.21), chloriteX »;,=0.36-0.53) and white micas [phengitgi€6.57-6.63pfu) and muscovite$i=6.23-

6.34 pfu)] in the matrix.

Based on the textural relationship and chemical composition of minerals, following metamorphic stages are distinguished ir
the kyanite-garnet-chloritoid schists, i.e. (i) pre-peak stage, (ii) peak metamorphic stage, and (iii) retrograde stage.

The porphyroblastic garnets represent a typical prograde zoKigg, decreasing ani p,, increasing from core to rim. The
pre-peak stage (i) is defined by the mineral inclusions in the cores of the garnets. They are musie6i®@6(6.29pfu),
paragonite, chlorite, chloritoidX(,,,=0.08-0.13) and quartz, and they indicate relatively low-pressure and low-temperature
conditions such as the greenschist facies. The peak metamorphic stage (ii) is defined by the mineral assemblage of the incl
sions in the rims X p,,<0.13) of the garnets, i.e. kyanite, phengi&=6.40-6.63pfu), chloritoid (X 5,,=0.08-0.18), chlorite
(X 114=0.42), rutile and quartz, and schistosity forming minerals, i.e. chlorit¥ig;{ = 0.11-0.21), phengite§j=6.57-6.63
pfu), and chlorite X »,,=0.36-0.53) coexisting with the rims of porphyroblastic garnet. THERMOCALC (V. 3.33) (Powell and
Holland, 1994) calculations for the rim of the garnet coexisting minerals of kyanite, phengite, chloritoid, and chlorite yielded P-T
conditions of T=575-58%C and P=10-11 kbar of high-pressure epidote-amphibolite to low-pressure eclogite facies conditions of
the high-pressure intermediate type metamorphism which are distinctly lower in metamorphic pressure than accompanied eclo
ites (T=590-610C, P=20-22.5 kbar; Stipska et al., 2010) even though the similar temperature conditions. HéWav&tAr
muscovite plateau ages of the eclogite (543 +/- 3.9 Ma) and kyanite-garnet-chloritoid schist (537 +/- 2.7 Ma) are similar (Stipske
et al., 2010), indicating simultaneous exhumation of both metamorphic rocks to the crustal level. There is no evidence of high.
pressure type metamorphic event similar to the eclogites in the kyanite-garnet-chloritoid schists. These fact suggest that subdu
tion within low-geothermal gradient conditions to produce the eclogites occurred first, subsequently relatively high-geothermal
gradient metamorphism for the kyanite-garnet-chloritoid schists took place, and then whole sequence of metamorphic rocks wel
exhume to the shallower levels at ~ 540 Ma.

Reference
Powell, R. and Holland, T.J.B. (1994). Amer. Miner., 79, 120-133
Stipska, P., Schulmann, K., Lehmann, J., Corsini, J., Lexa, O. and Tomurhuu, D. (2010) J. of Meta. Geol., 28, 915-933

0O 0 0O 0O O : Kyanite-garnet-chloritoid schist, Eclogite, Alag Khadny metamorphic complex, Lake Zone, Mongolia
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Raman spectra and reflectances of carbonaceous matters showing graphitization temp

atures at around 300 - 400 C
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The degree of graphitization of carbonaceous matter (CM) has long been investigated using X-ray diffraction analyses, optice
(reflectance) studies and Raman spectroscopies to analyze thermal histories of sedimentary rocks. Hirotaka and Hoshino (20(
noted that the degree of graphitization may reveal much detailed thermal histories than those recorded in the mineral asser
blages. Komorek and Morga (2003) also demonstrated that the reflectances of CMs increased by only several hours heating
an oven. Therefore, we may expect the CM geothermometers for analyses of short-range thermal events such as dike intrusic
vein formation and faulting.

However, the thermometer using Raman spectrum of CM proposed by Beyssac et al. (2002) can be applied to the temperatu
range from 640 to 330 C with poor correlations at low temperatures. On the other hand, the thermometers by reflectance c
CM (Vvitrinite reflectance’) are probably limited below 300 C (e.g., Hashimoto et al, 2004). Therefore, we have studied detailed
characteristics of Raman spectra and reflectances of CMs showing their graphitization temperatures at around 300 - 400 C
investigate a future possibility of the CM geothermometer as a tool for analyses of the short-range thermal events.

We collected pelitic rock samples of the Kuga formation of the Jurassic accretion complex from the Yasaka contact aureole
Yamaguchi Prefecture, where the Hiroshima-type granite of the Cretaceous age intruded. Takami et al. (1993) classified the col
tact aureole into the cordierite zone (eal km from the contact) and the biotite zone (1 - 2 km wide). Takami and Nishimura
(2000) mentioned that the apparent d002 of CM decreases sharply in the biotite zone at around 1 km from the contact.

Two types of CM can be identified under microscopic observations of the collected rock samples. Hereafter, we may call then
temporarily as M-type and P-type CMs. The former shows visible reflection pleochroism as well as anisotropism, while the latter
does non- or weak ones. Therefore, the P-type CM is probably collinite for so-called ‘vitrinite reflectance’ measurements. They
can be identified clearly also by their Raman spectra. The G bands of the P-type CMs are broad, while those of the M-type ar
characteristically narrow and sharp. It is interesting that the P-type CM could not be observed in the samples collected from th
vicinities of the contact with granite.

The R2 ratio of the Raman spectrum of the M-type CM shows a systematic change with a distance from the contact. It in-
creases from 0.47 (= 430 C, estimated from the equation of Beyssac et al., 2002) at Loc. 03 (0.1 km away from the contact) ti
0.60 (370 C) at Loc. 10 (2.4 km). On the other hand, although the ratio of the P-type CM is the highest as 0.77 (300 C) at Loc.
10, the ratio in the other samples closer to the contact does not vary with the distance and is stable as 0.75 (310 C), implying tF
lower limit of the ratio of the P-type CM.

The P-type CM from Loc. 10 shows the lowest reflectance as 3.8 % (= 320 C, from the equation of Barker, 1988), while those
from the other localities are around 4.7 % (350 C) and show no significant variation with the distance, implying also the upper
limit of the reflectance of the P-type CM. Although the reflectance of the M-type CM is slightly higher than that of the P-type
CM in the sample from Loc. 10, no obvious difference between the two could be seen in the other samples.

It should be emphasized that there may be a size dependency of the M-type CM on its R2 ratio in the samples close to th
boundary, thatis, a smaller CM tends to show a higher temperature. Hence, it can be expected to apply the R2 ratio of the M-typ
CM not only as a thermometer but also as a 'chronometer’ for short-range thermal events.

An estimation of a P-T condition of the vein-formation in the footwall of the Nobeoka thrust will be presented as an example
of the analyses of the thermal events.

goooo:0bo0,000,000,00000
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Study of negative residual pressure of quartz in garnet: Quartz Raman spectra of higl
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