Ashtio T EAAqvIKng MewhoyikAg Evaipiag, Top. XXXIV/6, 2163-2188, 20602 Builetin of the Geological Society of Greece, Vol. XXXIV/6, 2169-2188, 2002
Mpakrixa ou AicBvoug Zuvedpiou, ABrve, Zenrépfipiog 200t Proceedings of the th international Congress, Athens, September 2001

PETROLOGY OF THE ULTRA-HIGH PRESSURE METAMORPHIC KIMI
COMPLEX IN RHODOPE (N.E. GREECE): ANEW INSIGHT INTO THE ALPINE
GEODYNAMIC EVOLUTION OF THE RHODOPE
EMPOSKOS'

ABSTRACT

Structural. petrological and geochronological work has revealed that the Rhodope metamorphic provinee is
a synmetamorphic nappe-system of Alpine age. The Kimi complex representing the uppermost entity under-
went UHP metamorphism in Lower Cretaccous (2119 Ma). Diamond inclusions in garnet porphyroblasts,
exsolutions of quartz rods und rutile needles in garnet from Grt-Kv-Bt-gneisses constrain pressures >4 GPa
(probably ~7 GPa) and temperatures > 1000 "C. indicating subduction of continental crust into the asthenospheric
mantle.

The garnet-spinel peridotite of the Kimi arca represents a segment of upwelling asthenosphere reequilibrated
into the lithospheric mantle wedge at 2.5 GPa and 1235 "C. The spincl-garnet clinopyroxenites, associated with
the peridotite, represent HP mantle cumulates crystallized from a melt at similar P-T conditions (i.c. P--2.4 GPa,
T-1200°C). Decompression and cooling took place in the mantle wedge within the Cr-Spinel peridotite field up
1o ~1.8 GPa and 900 "C. Subscquent isobaric cooling crossed the stability ficld of garnet peridotite. At this stage,
the peridotite was tectonically emplaced into the educted underlving continental crust. Three stages of exhuma-
tion of the crustal assemblage occurred in the Kimi Complex. The first stage, from the maximum depth of ~200-
220 Km to =60 Km (P~1.6 GPa, T--800 "C), is characterized by slow cooling rates. indicating rapid exhumation.
The sceond stage, from 60 Km to -38 Km (P~1.05 GPa, T-040"C). is indicated by cooling at slow rates and is
characterized by hydration and annealing reequilibration/recrystallization processes. The third stage of exhu-
mation started between 73 and 65 Ma and is characterized by rapid uplift, continuous influx of water, intrusion
of muscovite pegmatites at =20 Km depth, and finally by rapid cooling at shallow levels. The Kimi Complex
reached the surface before 48-42 Ma.

1. INTRODUCTION

The discovery of coesite (Smith 1984) and microdiamonds (Sobolev and Shatsky, 1990} in ultra-high pres-
sure (UHP) crustal rocks has revolutionized our understanding of continental collision zones and mantle dy-
namics attending subduction. The realization that segments of continental and occanic crust have returned to
the surface from depths of 100 km or more, 1s in itself, remarkable. UHP rocks record a complete geodynamic
pathway and represent constraints for testing hypotheses of crust’mantle interactions. and mechanisms combin-
ing subduction and tectonic exhumation.

Liou ct al. (1998) defined UHP metamorphism as mineralogical and structural readjustment of supracrustal
rocks and associated ultramafic slices at pressures greater than -2.5 GPa (=80-90 Km). In cases of appropriate
bulk chemistry, metamorphism at great depths produces coesite, microdiamond. and/or other characteristic
UHP minerals.

Coesite ts known from at least 10 genctically distinet orogenic belts (Liou et al., 1998). It is most often found
in cclogite blocks or layers within the continental rocks, as inclusions within other minerals, or as a rare
intergranular phase, but it also occurs as inclusions in zircons within the continental rocks themselves, Diamond
is reported as included phase in graphitic biotite schists and gneisses and dolomitic marbles from four orogenic
belts including the Kokchietav terrane in Kazakhstan (Sobolev and Shatsky. 1990). Dabie Shan-Sulu UHP terrane
China (Xu et al.. 1992), the Western Gneiss Region of Norway (Dobrzhinestkaya et al., 1993) and the Saxonian
Erzgebirge in Germany (Massonne, 1998). The new discovery of diamond inclusions in garnet porplivroblasts
from pelitic gneisses from the Rhodope metamorphic province (RMP). N.E. Greece, (Mposkos et al.. 2001,

* HETPOAOITA TON YIIEPYWHAON MNIELZEQN TOY METAMOP®OQMENOY LYMIIAETMATOL THE KYMHE (POAOIIH, BA
EALAAN). .\l-L'!',Ll .\llO“PI-ZIELpHé)iE‘{‘ﬁ' Bl*ﬂ}\llbyﬁKhmekb}prM‘q'}-Eﬁ E&FC‘(HXOW& ( Rlﬁ.@ . ‘

"Dr. Mpaskaos, National Technical University of Athens, Depariment of Mining and Metaliurgicdl Engincering, Section of Geological Sci-
ences. 9 Herpon Palyiechniou, 13780, Zografou. Athens, Greece, e-mail: mposkos metal. nua.gr

- 2169 -



Mposkos & Kostopoulos, 2001) makes the latter the fifth known diamond bearing UHP metamorphic belt of the
world. Morcover, graphitised diamonds are reported from amphibolitized cclogite, tectonically intruded into
the Circum Rhodope zone south of Thessaloniki in Central Macedonia (Kostopoulos et. al., 2000).

Temperatures of eclogites during UHP metamorphism, assessed mostly via Fe-Mg exchange between garnet
and clinopyroxene or phengite, range from ~700°C o 900°C. AL these temperatures, the presence of diamond
constrains the minimum metamorphic pressure to >3.5-4.0 GPa, corresponding to depths of ~110-130 Km (LLiou
ol al., 1998).

Garnet-bearing ultramafic rocks (GBU) are volumetrically minor components in many HEP/UHIP terrancs of
orogenic beltts but they represent vatuable witnesses of geodynamic processes. They oceur as few to numerous
.. normally within the continental HP/UHP rocks. GBU consist of a varicty of rock types, pre-
dominantly garnet peridotites, which are commonly cut by veins of garnet pyroxenite and in some cases by

lensoid mas

celogite. The peridotites arc interpreted as residual mantle malterial from which basaltic melts were extracted
(Brucckner & Medaris, 2000). The pyroxenites and cclogites are believed in many cases to be high-pressure
cryvstal cumulates from melts that invaded the peridotites while deep in the mantle (Becker, 1996). In general
the GBU lenses in gneiss terrances record the emplacement of mantle material mto the continental crust and
reveal the composttion of the upper mantle and the nature of mantle/crust interaction processes. Two main
hypatheses, both involving continent-continent collision. have been proposed to explain the occurrence of GBU
in such crustal sequences: (1) GBU were tectonically emplaced from the mantle wedge nto thickened crust
(“mantle” peridotite) and (2) GBU were produced by prograde HP/UP metamorphism of peridotites oc their
serpentinized cquivalents which previously had been emplaced into the erust (“crustal” peridotite, Brueckner &
Medaris, 2000).

The Rhodope metamorphic provinee 1s the only known Alpine UHP terrane m Last Mediterrancan and
offers a unique opportunity to investigate UITP metamorphic processes and related mantle/erust interactions.

In this article are presented: 1) the recently discovered UHP indicators from erustal rocks of the Alpine UTIP
metamorphic Kimi Complex in Rhodope, ii) the mantle derived garnet-spinel peridotites and garnet
clinopyroxenites, tectonically emplaced into the crustal assemblage, and iir) their common exhumation history
to the surface. P-T-t exhumation trajectories are constructed based on mineral assemblages, textural relations,
and mincral chemistry of appropriate rock types and the available geochronological data. Based on the petro-
logical data it will be demonstrated that the ultramafic rocks are tectonically emplaced mto the Kimi UHIP
crustal assemblage from the overlaying mantle wedge during exhumation,

2. GEOLOGICAL BACKGROUND AND FIELD RELATIONS

The Rhodope metamorphic province (RMP) is one of the mujor geotectonic units of northern Greece. It has
been traditionally viewed as a stable continental block, consolidated in Precambrian to Palacozoic times. Recent
structural and petrological work has nevertheless shown the RMP in fact to be a complex of Alpince
synmctamorphic nappe complexes characterized by south - to southwestward stacking and associated with both
coeval and subsequent extension in an Alpine active niargin sctting (Ricou ct al., 1988; Wawrzenitz & Krohe
1998; Dinter, 1998, Barr ct al., 1999; Mposkos & Krohe, 2000).

Mposkos and Krohe (2000) and Krohe and Mposkos (2001) have further subdivided the RMP into discrete
entities on the basis of calculated metamorphic P-T paths and exhumation age criteria for the various metamor-
phic rocks. Thus, the carlicst exhumed and structurally uppermost entity is the Kimi Complex (65-48 Ma).
followed by the Sidironeron (Central Rhodope) and Kechros (Last Rhodope) Complexes (42-30 Ma) and then
by the Pangacon Complex (26-8 Ma), which also forms the well-defined Rhodope metamorphic core conplex.
In terms of metamorphic P-T paths the major difference between the structurally lower complexes (i.c. Pangacon,
lower Sidironeron [Albite-Gneiss Series| and Kechros) and the overlying (upper Sidironeron and Kimi) is that
Available peak pressure estimaltes range from ca 0.9GPa for Pangacon, to about 1.5 for Kechros and 1.9 GPa for
upper Sidironeron. The new discovery of multicrystalline polygonal quartz aggregates (MPQ), pscudomorphic
alter coesite in eclogitic garnet, minute carbon cubes and octahedra (diamonds) included in garnet porpiyvroblasts,
and especially of rods (or needles) of silica. rutile and apatite exsolved inside sodic garnet porphyroblasts from
Grt-I3t-Ky-gneisses (abbreviations after Bucher and Frev, 1994), from the Kimitand a part of the upper Sidironeron
complex document an ULIP event for the Kimi Complex with peak pressure >4 GPa (Mposkos and Kostopoulos,
2000).
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Figure 1: Geological map of central and eastern Rhodope (after Mposkos & Krohe, 2000, simplified) with
locations of samples containing diamond, coesite and supersilicic garnet.

The UHP Kimi complex consists of continental crust and mantle rocks. Predominant are migmatic quartz-
feldspar gneisses, kvanite-bearing pelitic gneisses and marbles that host large boudins of amphibolites. eclogite-
amphibolites, tonalitic to granitic metaplutons as well as an ultramafic association mostly made up by mantle
lherzolites (Mposkos, 1994). Widespread pegmatites intersect the lithological succession. An Sm-Nd garnet-
clinopyroxene-whole rock age of 119 Ma from a spinel-garnet-pyroxenite, associated with the garnet-spinel
peridotite. Is interpreted as the age of high-P/high-T metamorphism (~1.6 GPa at ~770°C, Wawrzenitz and
Mposkos, 1997). An Rb-Sr age of 65 Ma of an undeformed muscovite from a pegmatite is interpreted as crystal-
lization (thus intrusion) age at amphibolite facies conditions rather than as cooling age (Mposkos and Wawrzenitz.
1995). Ages, constraining the peak of the UHP event are still not available from the Kimi arca. SHRIMP U-Pb
ages of metamorphic rims of detrital zircons from Gri-Ky-Bt-gneisses and partially amphibolitized cclogites
from Central-Rhodope (Pilima and Siroco arcas) arc in the range 148-138 Ma (Gebauer and Liati, 1997; Liati
and Gebauer. 2001). In these rocks inclusions of MPQ aggregates pseudomorphic after coesite, are found in
garnets from amphibolitized eclogite as well as inclusions of microdiamonds in garnet porphyroblasts from the
Gri-Ky-Bt-gneisses (Mposkos and Kostopoulos, 2001: Mposkos et al., 2001). These UHP indicators. document
that the upper Sidivoneron Complex (at least in the Xanthi-Pilima area) contains slices of rock associations that
underwent the UHP metamorphism evident in the overlving Kimi Complex. The zircon ages of 148-138 Ma
could possibly record the time of a stage of the prograde path and the peak of the UHP cvent. if we assume that
the Sm-Nd Grt-Cpx-whole rock age of 119 Ma from the Kimi pyroxenite represents a recrystallization age of the
UHP event. However, the dated detrital zircons show lead loss due to a vounger metamorphic event (Liatt &
Gebauer, 2001). It is possible that the dated rims of the detrital zircons formed in pre-Alpine event(s) and the

ages of 148-138 Ma probably have no geological significance.

Churacteristically, the Kimi Complex is only a few hundreds of meters thick and tectonically sundwiched
between complexes showing totally different metamorphic histories. In the hanging wall the Kimi Complex is
immediately overlain by the similarly thin circum Rhodope zone (CR7). This comprises unmetamorphosed
Jurassic ophiolite sequences showing K-Ar hornblende formation ages and apatite fission track ages at ca. 150-
160 Ma (Tsikouras et al.. 1990: Bigazzi ct al.. 1989) and phyllites and marbles metamorphosed at temperatures

lower than ca. 400°C (chl (,}J,"{J(P}Wﬁrl’?’ P)\'PLQQWIIQ{‘WRQ o101 TNk M‘PABWH%(&}F(@C Kimi Complex and the

CRZ7 indicates that juxtaposition of these two complexes and denudation of the UTTP Kimi Complex was betore
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48 Mau. This also shows that the Kimi Complex became the site of subsidence very soon after its denudation. In
the footwall, the Kimi Complex is separated by Late Eocene to the Oligocene diserete extensional detachment
surfaces (Krohe & Mposkos, 2001, Fig. 1) from tectonic complexes that experienced much younger (i.c. Terti-
ary) metamorphic histories, including Tertiary high-P metamorphism. Such complexes are considered as picees
of the Apulian plate (Mposkos and Krohe, 2000; Krohe and Mposkos, 2001). They consist of metapelites, thick
marble assemblages, mafic assemblages as well as Variscan crust including orthogneisses and migmatites re-
worked during Alpine metamorphism.

3. PETROGRAPHY AND MINERAL CHEMISTRY
3.1. UHP indicators

In both, the Kimi and the Sidironeron Complexes, indicator minerals for UHP metamorphism occur in
pelitic garnet-kyanite-staurolite-chlorite schists, garnet-kyanite-biotite gneisses and amphibolitized eclogites.
In the Kimi Complex these include: (I' MPQ aggregates pscudomorphic after coesite included in garnet from
amphibolitized cclogites. Strong sub-radial crucks emanate from the inclusions (Plate TA), (II) exsolution la-
mellac of quartz in cclogite clinopyroxenc indicating a precursor of supersilicic clinopyroxene (Plate 1B). (I11)
minute carbon cubes and octahedra of partially or completely graphitised diamonds included in garnet
porphyroblasts (Plate 1D) from Grt-Ky-Bt-gneisses and Grt-Ky-St-Chl-schists, They were inttially identified
optically and subscquently verified by both EMP analysis (pure carbon) and in situ faser Raman microspectroscopy
(Mposkos ct al. 2001, Mposkos and Kostopoulos 2001). (IV) rods (or needles) of silica, rutile and apatite and
biotite flakes exsolved tnside sodic garnet porphyroblasts in Gri-Ky-Bt-gneisses (Plate 1E, F). Similar exsolution
textures (i.c. clinopyroxene, rutile, and apatite exsolution rods in garnet) have been reported for eclogites from
Yangkou. Sulu UHP metamorphic province in China (Ye et al., 2000). The exsolution of quartz, rutile. and
apatite Is taken as indicative of the existence of a garnet precursor phase richer than normal in Si, Ti and P, that
is a supersilicic garnet (Collerson ct al. 2000). In the Sidironeron Complex (Pilima arca) indicator minerals for
UHP mectamorphism also comprise (I) MPQ aggregates included in garnet from amphibolitized cclogite, (11)
inclusions of minute carbon cubes and octahedra in garnet from Grt-Ky-Bt-gneisses, and (I1T) rutile needles and
biotite flakes exsolved inside garnet porphyroblasts.

The presence of MPOQ aggregates as inclusions in porphyroblastic garnet from amphibolitized eclogites is
attributed to the breakdown of pre-existing coesite and constrains metamorphic pressures to a minimum of 2.7-
3.0 GPa at 700-1000°C (Hemingway et al. 1998). The exsolution lamellac of quartz in eclogitic clinopyroxene are
also indicative of ultrahigh-pressure metamorphism. Moreover, the mere presence of diamonds in garnet from
metapelites dictates metamorphic pressures in excess of 3.5-4.5 GPa at 700-1000°C (Chatterjee et al. 1998) for
the host rocks. Thus, at the first approximation, minimum depths of 85-140 Km for the subduction of the crustal
protoliths of the Kimi Complex may be inferred by using only mincralogical criteria.

3.2. Ultramafic association

Near Kimi village (Fig. 1), an ultramatic association occurs as a group of boudins that rcach Iengths of up to
several kilometres. This association typically consists of garnet-spinel-bearing therzolites that locally alternate
with layers of spinel-garnet clinopyroxenite, garnet clinopyroxenite, olivine clinopyroxenite and clinopyroxene
garnetite.

3.3. Garnet-spinel peridotite

The peridotite shows macroscopically a distinet foliation, which is defined by flattening (stretching) of older
clino- and orthopyroxene porphyroclastic grains and reerystallized grain aggregates; the latter formed in a post-
deformational static anncaling stage.

The mineral assemblage of the garnet-spinel peridotite is Ol-Opx-Cpx-Grt-HbI-Spl (chromian). Garnet is
rarcly obscrved as inclusions in olivine, orthopyroxenc. clinopyroxene and hornblende.

Various spinel generations can be distinguished on textural and chemical criteria. Large Cr-rich crystals
show compositional zoning (Plate 2A) with decrcasing Cr/(Cr+Al) ratios and increasing Mg/(Mg+Fe) ratios
from the core to the rim, (Fig.2). The core (Spll) composition with a Cr/(Cr+Al) ratio ~0.44-0.48 and a Mg
(Mg+Fe) ratio ~0.50-0.58 depicts the maximum preserved P-T conditions within the stability ficld of the spinel
peridotite. Toward the rim the Cr/(Cr+Al) ratios successively deerease to ~.22-0.15. This is in general agree-

ment with spincl growth HNMEKABHRNOANKA [ BEAPRIOTOS 2 AN EEWAQVIAS M L@rnct with decreasing tem-
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Plate 1: UHP Indicators:
A: [ icrograch  of multicrystalline polygonal  quarvz (MPQ)  agoregatos
psaadomoronic after esize, inecluded in garact fror amphibolitized eclogize. Maots
the radial fracturing of the garnet host. Field o view I.9%rm, crossed polzars. Br Sa¥
image 5 exsolacion lamellae of guertz in clincpyrexene from eclogize, C: EEM magse
spar inclusieona in garrec. Racial fractures cof nost garnet emanate frem cho
s, D; Zrotemicrograph of inclusicns of graphitized nicrodiamonds in garnex
onast from Cru-Ky-BL gneiss anc Gri-Ky-5Ii-Chl schisz. Some of the diaronds
F 24 octakedral crystal Zacos. Field of view I,3mm, polarizer orly.
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Plate 2: Garnet spinel peridotite:

A: Photomicrograph of spinel (Spl 1) showing compositional zoning (see text). Spll
contains inclusions of spinel (Spl 2) and crthopyroxene symplectites interpreted as
decomposition products of former garnet inclusions. Spl 1 is overgrown by later
formed hornblende. Field of wview 0.9 mm, polarizer cnly. B: Photemicrograph of
serpentinized elongated grains containing vermicular inclusions of spinel (Spl 2),
are interpreted as decomposition products of former garnets. Garnet was associated
with a HT clinopyroxene (Cpx 1) containing exsclutions of Spl and Opx. Field of view
1.5 mm, polarizer only. C: 3EM image of clinopyroxene (Cpx 1) containing exsolution
lamellae of Spl and Opx. D: S5EM image of orthopyroxene (Opx 1) containing two
generations of spinel exsolutions. Note the thick lamella is richer in chromium than
the small ones (see text). E: SEM image of exsolution free recrystallized
orthopyroxene (Opx 2) containing a garnet inclusion, F: Photomicrograph of
hornblende with inclusions of garnet and spinel, being in contact to olivine that has

been marginally ser%émBmmﬁﬁ(ﬁa'mbéqabiagi'nermpé@m@h@Fﬁ'@poundaries suggest

coexistence of the two phases. Field of view 0.9 mm, polarizer cnly.
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peratures. Small light brown spinels (Spinel 2) homogeneous in composition showing Cr/(Cr+Al) ratios ~0.12-
0.15 and Mg/(Mg+TFe) ratios 3 0.72-0.76, indicate like the rims from the zoned spincls, formation of spinel
during cooling. Spinel 1 contains symplectites of spinel. ortho- and clinopyroxene replacing pscudomorphically
an aluminous phase (Plate 2A), probably garnet. Symplectitic clino - and orthopyroxene are replaced in latter
stages by hornblende and serpentine respectively. As is shown in Plate 2A the symplectite (garnet pseudomorph)
inclusion shows corroded edges, suggesting that spinel 1, is formed replacing the previous garnct, probably
during decompression at still high pressures and temperatures. Serpentinized rounded or elongated grains con-
taining minute vermicular spinels, [Cr/(Cr+Al) = 0.14-0.15] as those showing in the Plate 2B, are interpreted to
represent previous garncts. Ortho- and clinopyroxene show AlLO, contents ranging between 1.61-2.63 wt9% and
0.9-2.10 wt%, respectively. Large clino- and orthopyroxene crys}als (Cpx'1, Opx1) contain exsolution lamellae of
ortho- and chnopyroxene respectively as well as spinel exsolutions (Plate 2C,D) consistent with decreasing diopside
and Mg-Tschermak component of the original orthopyroxene and enstatite and Ca-Tschermak component of
the original clinopyroxene through cooling. Two gencrations of spinel exsolusions are observed in orthopyroxene
(Plate 2D). From older, wider spinel lamcllac to younger, thiner spincl lamellac the Cr/(Cr+Al) ration de-
crcases from 0.17-0.18 to €.12 and the Mg/(Mg+Fc) ratio incrcases from 0.71 to 0.75, indicating that, in
orthopyroxene, the solubility of MgCrAlSiO, component decreases faster than the solubility of the MgALSIO,
component, with decreasing temperature. The compositions of the spinel exsolutions in pyroxene grains and of
the interstitial spincl between exsolution-free pyroxenc grains correspond to those of spinct 2 (Cr/Cr+ Al ratios
~0.13-0.15). Exsolved diopside in orthopyroxene is mostly replaced by later formed hornblende. Integration of
the cxsolved spincl in orthopyroxene and that of exsolved spinel and orthopyroxenc in clinopyroxenc yiclds an
original MgAI-Ts+MgCr-Ts component of 10% in orthopyroxene and CaAl-Ts+CaCr-Ts component of ~10%
(~8% CaAl-Ts and ~2% CaCr-Ts) and enstatite component of ~14%, in Clinopyroxene, respectively.
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Figure 2: Chemical compositions of spinels from garnet-spinel peridotite in relation to 100Cr/(Cr+Al):100Mg/
(Mg+Fe*).

Thus, an old (relict) mineral assemblage Oll(Fo, ) - Opx1-Cpx1-Spll (X_*'= 0.46)-(Grt) indicates pres-
sures of ca. 3 GPa, constrained by the continuous rcaction Grt+Ol(F4>n_r})—>Opx+Cpx+SpI(XI_|"” = 0.46) for an
assumed temperature of 1200°C (O’ Neill, 1981). Assuming that Cpx1 was in cquilibrium with the preexisting
garnet, as textural relations in Plate 2B suggest, and by applying the Cr-in-Cpx barometer and enstatitc-in-Cpx
thermometer (Nimis and Taylor 2000), on the recalculated Cpx1 composition, a temperature of 1235 "C and a
pressure of 2.6 GPa are obtained. The Spl-Opx-Cpx symplectites replacing pseudomorphically a garnet inclu-
ston in spinel 1 (Plate 2A), suggest a previous garnet peridotite stage at pressures > 3 GPa. Becausc of the
absence of garnet exsolutions in Opx1 and Cpx|, preserved increments of decompression and cooling occurred
within the stability field of spincl peridotite yp to ~1,8 GPa fof anassumed temperaturce of ~900°C, since ¢xsolved
and interstitial spinel has ﬁ’(ﬂ%é’}wﬂ%\'&e{?B'l()@ﬁ??ﬁaﬁﬁﬁ 1-9-5’{5“"(%’}’58(1{)2{)\(?%%%’%XI;I()?lj[i()n—frCC recrystallized
ortho- and clinopyroxene (Opx 2, Cpx2) coexisting with olivine, include an Al-rich spinel (X ™ = 0.08-0.1) that
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coexists with garnet (Grs,, Alm Prp, Sps Uvr, ). Garnet and Al-rich spinel grains arc also obscrved as inclu-
stons in hornblende and olivine formed in a later stage of exhumation (Plate 2F). The {ive phases Opx-Cpx-Spl
(X_7=0.1)-Ol (Fo, )-Grt: constrain pressures ~1.6 GPa assuming temperatures of 800°C (cf. O'Neill, 1981);
thus cooling occarred at still high pressures. Pressures of 1.4-1.6 GPa for a temperature of 800°C are also ob-
tained applying the Al-in-Opx barometer of Brey and Koéhler (1990) using the compositions of the exsolution
free recrvstallized orthopyroxence and that of garnet cnelosed in the orthopyroxene (i.e. Plate 2E).

During decompression and cooling, enstatite-diopside-spinel svmplectites formed between adjacent garnct
(of the garnet-pyroxenite or pyvroxenc garnctite lavers) and olivine grains of the peridotite layer, (Plate 3F)
according to the reaction Grl+()l%0px+(}px+5pl (Sp13). Spincl 3 shows a high Mg/(Mg+Fc¢) ratio of (0.82-
0.88) and a low Cr O content (X_* = 0.012) (see Fig. 2), constraining the above reaction at pressures <1.4
GPu (cf. O'Neill, | %l)

At this stage, access of water triggered a variety of hvdration reactions. Garnet, clinopyroxence and spinel
inclustons in hornblende (S1=6.5-6.8 atoms p.fiu.) (Plate 2F) and olivine suggest that the reactions
Grt+Cpx+W—=0l+Hbl and Opx+ Cpx+Spl+W—OIl+Hbl took place. It is noted that hornblende with Si con-
tent 6.3-6.8 atoms p.fu, and associated with spinel in ultramatic rocks indicates upper amphibolite/granulite
facics conditions (Evans, 1982). Atlower P-T conditions hornblende +spinel are replaced by tremolite +chlorite.
At still tower temperatures olivine is replaced by antigorite.

3.4. Spinel-garnet clinopyroxenite, clinopyroxene garnetite and olivine clinopyrexenite

The clinopyroxenites occur as millimetre to several centimetres thin layers within the peridotite (Plate 3A)
as a result of strong flattening and shearing during HP/HT-metamorphism; locally the thickness of pyroxenites
cxceeds one meter. They generally show high MgO and low 510, contents (SiO, ranges between 39-42%., AlLO,
12.5-14.5%, FcOM 8.2-9.5%, MgO 23-27% and CaO 12.5- 14.3/,), resulting in an olivine and anorthite- rich
norm composition with additional diopside and Ca SiO . Some layers may contain up to 80 volume % garnet.
thus characterised as clinopyroxene garnetites. They are interpreted as mantle cumulates that crystallized from
melts at high pressures, and subsequently deformed and reerystallized at stll high temperatures and pressures.

The spinel-garnet clinopyroxenites show the mineral assemblage Cpx+Grt+Spl+ Hbl+Ol, the clinopyroxenc
garnetites Grt+Cpx=Hbl and the olivine clinopyroxenites Cpx+ Ol A Mg-rich ilmenite (MgO 8-8.5%) is present
in all pvroxcnites.

Garnet, spinel and olivine inclusions in cumulate clinopyroxenc crystals suggest fractional crystallization of
cumulate mincrals garnet, olivine and clinopyroxenc from the melt and cryvstallization of the original clinopyroxene
in the stability ficld of garnet pyroxenite (Plate 3C.E).

In spinel-garnct clinopyroxenite, clinopyroxence and garnet coexist with spincl and olivine, Larger
clinopyroxenc grains display a compositional zoning with ALO, content decreasing from ca. 4.5 wi% ALO in
the core to ca. 2.5~3.2 wi% Al O, at the rim. If olivine is prcm.nl the core and rim Al O, contents of such

clinopyroxencs are ca. 3.58 and 1.7 Wi, respectively. However, abundant exsolution ldmdldc of garnet (up to

~8 vol.7%) and. to a lesser extent. spinel in the core of the larger Cpx grains (Plate 3B,C.D) indicate a much
higher AL O content for the original clinopyroxene (Cpx1). Two gencrations of garnet exsolution formed duoring
cooling of pvroxenite (Plate 3C). Large garnet rods, up to ~300 wm long and 6-10 um wide. represent the first
generation and very thin garnet rods, -=30-600 um long and ~2 um wide, associated with exsolutions of spinel
(Plate 3D) represent the sceond genceration. The rims of clinopyroxence crystals are exsolution free and are in
textural cquitibrium with the matrix garnet and spinel grains and, also with olivine. if present. They have a
similar composition with the homogencous matrix clinopyvroxencs (Cpx2). which have no garnet exsolutions.
Applying clinopyroxenc thermobuarometry (Gasparik, 1984) in the olivine-bearing garnct clinopyroxenite, the
core composition of a clinopyroxene having 7.6% Ca-Fs component (ALO, 3.58%) and 14%. cnstatite compo-
nent (Cpx1) vield minimum P-T condition of 1160°C and 2.4 GPa since ()rlh()p\ roxene is not present to saturate
the enstatite component in the clinopyroxene. Integration of the exsolved garnet (~3% Grt) into the ¢linopyroxene
suggests higher temperatures (- 1240 C) for clinopyroxenc crystallization.

The composition of garnet depends on the bulk rock composition of the pyroxenites. In the olivine-free
layers the composition of garnetis: Grs . Prp,, Alm, Sps, | and in the olivine hearing ones: Grs | Prp
Alm | Sps . Rarc older Grt I shows (()nlp()\l[l()lhl[ /onmU with <.U1u,u)mp()\lllon((n\ Prp —\lmm.Sp.\“,va)
dl\d rim composition (Grs, Prp Alm, Sps, Uy ). The Tower grossular and uvarovite cunlponcnﬁ the higher

pyrope and almandine L?Hﬁ?ﬂlqlmlﬁis)\!ﬁ@ﬂﬁﬂ @ﬂo&pu&ﬂq IWIHQHUIF{?M)\QWQ&AAH}@“ comparison to the core
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composition suggest that garnet formed during decompression and cooling (Jenkins and Newton, 1979).

Garnet cxsolved from Cpx 1 has-a similar composition to the matrix one (Grs, Prp, Alm, Sps : in olivine
bearing pyroxenites Grs, Prp, Alm _Sps, ). Since garnet exsolutions are formed during a post deformational
static annealing stage, as the textural relations indicate, matrix garnet, exsolution-free clinopyroxene rims and
exsolution-free matrix clinopyroxene have rccrystallized and equilibrated at that stage. Garnet-clinopyroxene
geothermometry (Ellis & Green, 1979) between exsolved garnet-clinopyroxcne host and matrix garnet-exsolution-
free matrix clinopyroxene pairs yielded equilibration temperatures ranging between 750-790°C for assumed
pressure of 1.5 GPa. Higher values (823°C) are obtaincd from Grt 1 core — Cpx 1 core composition.

3.5. Eclogites

Throughout the Kimi Complex boudins of amphibolitized eclogites ranging in size from a few dm to some
tens of meters occur. According to their mineral assemblages they arc characterized as common eclogites, and
kyanite cclogites.

3.5.1. Common eclogites

MPQ aggregates pseudomorphic after cocsite included in garnet (Plate 1A) are interpreted as UHP indica-
tors in the common eclogites. The high-P mineral asscmblage is Grt-Cpx-Qtz-Rt. Elongated garnct-clinopyroxene
aggregates show a HP/HT deformation (Plate 4A). Large clinopyroxene grains (Cpx 1) show a compositional
zoning with jadeite component decreasing from the core (jd ) to the rim (jd, ), indicating an equilibration
tendency of the clinopyroxcne to pressurc decrease. With decreasing temperature and pressure symplectites of
clinopyroxenc (Cpx2)-plagioclase and hornblende-plagioclase replace Cpx 1. Cpx 2 (jd, |}, which is in equilib-
rium with symplectitic plagioclasc (An,, ) constrains an equilibration stage at ~ 1.2 GPa for assumed tempera-
ture of 700°C. During continuing cooling and hydration, poikiloblastic brown-green hornblende, reaching scv-
eral centimeters in size, grew at the expense of garnet and clinopyroxene. This hornblende contains numerous
inclusions of garnet, clinopyroxene, (with corroded edges), quartz and rutile (Plate 4B). Garnet-hornblende
gcothecrmometry (Graham and Powell, 1984) using rim compositions of garnet inclusions in hornblende yiclded
670x40°C.

3.5.2. The Smigada eclogite

4Km to the W of Smigada village on the road to Kimi village, a boudin of amphibolitized garnct-rich cclogite
with an exposure of ~10X20m occurs within intenscly mylonitized and retrogressed gneisses. Garnet-rich and
Clinopyroxene-rich layers are isoclinally folded imprinting a (U)HP deformation. Quartz-Scapolite rich pock-
ets, veinlets or garnct-scapolite-hornblende layers with interstitially growing equigranular strain-free scapolite
and hornbiendec grains rccord a post-eclogitic static anncaling reequilibration stage, indicated by the prescnce of
a sulfate rich fluid phasc. A muscovite pegmatite intrudes the eclogite cutting across the eclogite foliation.

The total mineral assemblage of the amphibolitized Smigada cclogite is Grt-Cpx-Sep-Hbl-Qtz-Czo-Ky-Kfs-
Ab-Pl-Rt-Ttn-Py.

Several garnet and clinopyroxenc generations arc present: Older garnet (1) showing larger grain size (400-
600 um) is characterized by a homogencous composition except at the outermost rim. The corc composition is
Grs,,,Alm ,Prp . at the rim MgO slightly decrcases and CaO increases. The composition of the younger
equidimensional and euhedral garnets (~200-300 um) is similar to the rims of the older garncts (Grs, . Alm_,
Prp,., Sps,,). Garnet 1 contains inclusions of K-feldspar, quartz. rutile kyanite and compuosite grains consisting
of Kfs-Ab-Qtz and Hbl+Cpx. Subradial cracks emanate from the K-feldspar inclusions into the garnet host
(Plate 1C) indicating that they have formed by volume increase of the inclusions during phase transtormation of
a denscr phasc to less densc one (i.e. K-cymrite—sK-feldspar+W). Garnct 2 is commonly frec of inclusions.

Large clinopyroxenc (Cpx 1) single grains (2300 um in length) and smaller (Cpx 2) grain aggregates (single
grain size ~100um) occur. Cpx 1 shows a compositional zoning with jadeitc component slightly decreasing from
the core (jd, ) to the rim (jd,, ) that corresponds to the jadeite component of Cpx 2. Cpx 1 contains inclusions
of composite grains consisting of Hbl+Kfs, Hbl+Qtz+Kfs, Kfs+Ab as well as exsolution lamellac of quartz
(Plate IB). Exsolution lamellae of quartz in clinopyroxene have becn identified only in clinopyroxenes from
eclogites and garnet clinopyroxenites of several UHP terranes and are interpreted as exsolution products of a
precursor, supersilicic clinopyroxenc stabilized at UHP conditions (Liou et al. 1998). Local reaction rims of new,
cuhedral garnet (Grt 2, P‘I"fﬁ)lé@ Bfﬁ)&f&é’ﬁ%ﬁ)xésmﬂ%@twﬁﬂ&m@&%aﬁ&éhﬂﬁ‘.@?mc of Cpx 1. Cpx 2 forms

equigranular grains and is free of inclusions.

29°
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Applying the garnet-clinopyroxene Fe-Mg exchange geothermometer of Ellis and Green (1979) to Grt |
core and Cpx 1 core compositions, temperatures in the range of 900-950°C are obtained for minimum pressure
of 4 GPa, if we assume that the eclogite shared a common UHP metamorphism with the diamond-bearing
neighboring metapelites at the peak pressure. Grt 2 and Cpx 2 compositions yiclded 730-790°C for an assumed
pressure of 1.5 GPa.

Influx of water and oxidized conditions triggered the formation of kelyphitic and diablastic hornblende and
scapolite replacing garnet and clinopyroxene (Plate 4D). Scapolite formed aggregates of equidimensional strain
free"grains showing low encrgy grain boundary configuration (120°C triple junctions). In some leucocratic pock-
ets of the rock, scapolite coexist with plagioclase. Scapolite is Ca-rich with 70-80% meionite component and 20-
30% marialite component, whereas the coexisting plagioclase is Na-rich having an anorthite component in the
range 30-35%. Garnet-hornblende geothermometry (Graham and Powell 1984), using rim composition of gar-
net inclusions in hornblende, yieded 650=30"C for this stage.

3.5.3. Kyanite eclogite

1 Km to the cast of Kimi village (Fig. 1), in close association with major ultramafic boudins, a small boudin
of a partially amphibolitized kyanite eclogite occurs showing the mineral assemblage Grt-Cpx-Pl-Hbl-Kfs-Rt-
Ky-Scp- Czo. Quartz is very rare and is present only as inclusions in garnet associated with kyanite. Characteris-
tic are clongated, sigmoidal shaped mineral domains (length to height ratio of about 10:1) mainly consisting
either of Na-poor clinopyroxene (Jd  )-hornblende-plagioclase-garnet or garnet-plagioclase (*hornblende)
(Plate 4E). These are interpreted as pseudomorphs after plastically deformed garnet grains.

Relict mineral assemblages linked to this carly stage are rarely preserved. Within these domains relics of
older garnet I (Grs . Alm, Prp_ Sps ) includes tiny kyanite (1-5 mm) and quartz grains (Plate 4F). Thus, an
older mineral assemblage is Grt-Ky-Qtz indicating P-T conditions of a prograde stage above the stability field of
plagioclase.

Younger idiomorphic garnet (Grt 2) grains (Grs,, Alm, _Prp  Sps . grain diameter ¢. 200 um) include
larger kyanite crystals similar in size to the matrix kyanites (up to 100 um), K-feldspar and rutile. Thus, a younger
mincral assemblage is Grt 2-Cpx-Ky-Kfs-Rt-Scp possibly formed above the stability field of muscovitc and quartz.
Kelyphitic hornblende coronas surround clinopyroxene and garnct grains indicating hydration. At this stage
plagioclase (An_, .} is intecrgrown with clinopyroxene and hornblende. Since quartz and corundum are abscnt
from the rock matrix, the formation of plagioclase replacing eclogitic garnet and clinopyroxenc is restricted
between the pressure dependent reactions PI—Cpx+Qtz and Cpx+Ky—PI+Co. The interscction of the above
reaction curves calculated for analysed plagioclase and clinopyroxene compositions with the garnet (Grt 2)-
clinopyroxene Fe-Mg equilibrium constrains the P-T conditions for the amphibolitization stage of the kyanite
eclogite between L1 and 1.2 GPa and 700-750°C. During continucd anncaling, phengitic muscovite (Si=6.6
p.t.u) replaced K-feldspar and kyanite, and clinozoisite replaced garnet, kyanite and plagioclase suggesting fur-
ther hydration.

3.6. Granodiorite gneisses

Large boudins of granodiorite gneisses containing numerous mafic enclaves also preserve fabrics of a high-
P/high-T deformation. Elongated mafic enclaves define a distinet mesoscopic foliation and lineation (Plate SA).
The mincral asscmblage of the granodiorite gneiss is Grti-Hbl-PI(An,, )-Qtz-Czo-Ms=Bt.

Deformation of the granodiorite gneisses at high pressures is constrained by the intrusion depths of
trondhjemitic pegmatites crosscutting the foliation plane (Plate 3A). The mineral assemblage of the pegmatite
is Ms=Pg-PI-Czo-Qtz+ Ky + Grt. Clinozoisitc and scarce kyanite are armoured inclusions in plagioclase (An, )
(Plate 5B). They arc interpreted to have formed by the reaction Pl—=Czo+Kv+L, above the wet melting of
granite minimum i.c. >1.1 GPa/670 "C (Johannes, 1985). This evidences pegmatite intrusion and thus deforma-
tion of gneisses, at pressurcs above 1.1 GPa. Plagioclase shows compositional zoning from An, in the core to
An at the rim. Local symplectitic intergrowths of plagioclase (An ) with clinozoisitc, muscovite and quartz
(Plate 5C) indicates that the pegmatite has been completely crystallized at 1.05 GPa and 630°C (see Johannes.
[985). At the postdeformational static annealing stage hydration reactions produced in the granodiorite gneiss
idiomorphic garnet and clinozoisite grains in plagiocalse and unoricnted muscovite =paragonite {lackes at the

expense of plagioclase und&ﬁfeldw
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Plate 5: Granodiorite gneisses-Trondhjemitic dykes-migmatites

A: Elongated mafic enclaves in a granodiorite gneiss having long axis/short axis
ratios of more than 20:1 define a HP/HT foliation/lineation. Trondhjemitic dyke
intruded during the postdeformaticnal static annealing/reequilibration stage cuts
across the foliation. B: Photomicrograph of armored kyanite showing corroded rims
included in plagioclase (An 30), Trondhjemitic dyke. Field of view 0.% mm, polarizer
only. C: Photomicrograph of symplectitic intergrowth of cligoclase (&n 15) with
muscovite and guartz. Tronthjemitic dyke. Field of view 1,5 mm, Polarizer only. D:
Photemicrograph of K-feldspar showing perthitic exsoluticon in a migmatitic Grt-Bi-
gneiss. Field of view 0.9 mm, crossed polars.

3.7. Quartz-feldspar gneisses and Pelitic gneisses

Most of the volume of quartz-feldspar and pelitic gneisses was affected by partial melting and preserve
migmatic structures. In these rocks UHP indicator minerals are not preserved; migmatization has destroyed
almost completely previous mineral assemblages. Migmatite boudins contain cither phengite or hiotite. The
mincral assemblage of phengite migmatites is Phen-Grt-Kis-PI-Qtz and that of the melanocratic interlayers
Bt+Gri+Kis+Pl+Otz, with perthitic and antiperthitic exsolutions in K-feldspar and plagioclase. respectively
(Plate 5D). Some migmatite boudins consist of alternating cm thick melanocratic garnet-rich lavers (>30 vol%.)
and leucocratic quartz-feldspar-rich layvers.

These migmatites have the mineral assemblage Gri+Pl+Kfs+Qtz+Rt+Bt, indicating that migmatization
ocecurred at P-T conditions above the dehvdration melting reaction Bt+Ms+Pl+OQtz—Grt+Kis+L (i.e. >800
“C and 1.4 GPa, Le Breton & Thompson. 1988). Garnet contains inclusions of quartz, rutile and rarely biotite.
Subradial fractures emanate from quartz inclusions into the garnet host suggesting that they were former coesite.
Matrix biotite replaces garnet indicating formation of biotite during cooling and hydration.

3.8, High alumina metapelites
Locally. kyzmilc—hcaril#:&]%q{fxm?l'ﬁ{‘JQ?lgfnﬁlgﬁg?%qglgg:c- irﬂrﬁptxral—l?&)‘(?mpﬁii’%‘trrlzl@usscnll)lngcs and textures
allowing the unravelling of significant parts of the exhumation trajectory of the UHP Kimi complex. Garnet (Grt
- 2481 -
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1) and kyanite (Ky I) porphyroblasts contain minute carbon cubes and octahedra of partially or completely
graphitized diamonds (Platc 1D). Sodic garnet porphyroblasts (Mposkos and Kostopoulos 2001) contain silica
and apatite rods and rutile needles (Plate 1E,F) interpreted as exsolutions from a supersilicic garnct (Collerson
ct al. 2000). Diamond inclusions constrain minimum pressures at 3.9 GPa for an assumed temperature of 900°C
(Chatterjee et al. 1998) for the UHP stage, while the supersilicic garnet indicates pressurcs of ~7 GPa (Mposkos
and Kostopoulos 2001).

A few sections of the exhumation path can be constrained based on the mincral compositions, mineral
assemblages and textures formed in the high-alumina metapelites at any particular stages of exhumation (for
mineral compositions, textures and mineral reactions in high-alumina metapclites see Mposkos and Liati, 1993).

Melt segregations formed pockets of leucosome consisting of aggregates of small unoriented muscovite and
biotitc flakes, kyanite rods and cquidimensional strain free quartz and plagioclase grains, indicating crystalliza-
tion of the melt at static conditions.

Garnet porphyroblasts (Grt 1) contain inclusions of kyanite (Ky 1), rutile, biotite (Mg/(Mg+Fe)=Mg#
0.67) and quartz. They also include aggregates consisting of biotite +plagioclase +kyanite +quartz muscovite.
Kyanite forms small unoriented rods intergrown with biotite (Ky 2). Thesc aggregates seem to be formed as
decomposition products of a previous inclusion phase (probably phengite) reacted with the garnet host.

Garnet porphyroblasts and matrix muscovite are replaced by biotite (Mg # = (1.54-0.56) and kyanite (Ky 2)
according to the pressure dependent continuous reaction Grt+Ms—Bt+Ky+Otz above the stability field of
staurolite. This is associated with Fe, Ca and Mn incrcase and Mg decrcasc at the garnet rim in contact with
biotite (Fig.8 in Mposkos and Liati 1993). According to Le Breton and Thomson (1988) the above reaction
occurs at ~1.1 GPa for assumed temperaturc of 700°C. Grt-PI-Ky-Qtz geobarometry (Koziol & Newton, 1988)
and garnet-biotite gcothermometry (Ferry and Spear. 1978) yielded pressure of 0.9-1.1 GPa and temperature of
700+ 40°C.

Further cooling crossed the stability field of Grt-Ky-Chl (Vuichard and Ballevre, 1988) verified by garnct
(Grt 2) and chlorite (Mg# (0.75) formation at the expense of kyanite (Ky 1) and biotite (Mg# 0.73),

A remarkable change in the exhumation and cooling path is imprinted by staurolitec formation replacing
kyanite and garnet according to the water consuming rcactions Grt+Ky+W—-St+Qtz and
Grt+W—St+Chl+Qtz. Chlorite associated with staurolite and garnet shows lower Mg# (0.66-0.69) in com-
parison to that associated with garnet and kyanite (Mg# 0.75). Garnet and staurolitec show a decrease in Mg#
from the core (Mg# 0.26 and 0.31) to the rim (Mg # (.22 and 0.29 respectively) consistent with staurolite growth
at the expense of garnet.

Since in the high-alumina metapelites staurolite does not coexist with biotite, the exhumation trajectory of the
Kimi complex passed through the Grt-St-Chl stability field, recording a stage of rapid uplift and cooling (Fig. 3).

4. DISCUSSION

UHP terrancs contain cocsite and in some case, microdiamonds, and thus tormed at pressures ranging from
¢. 2.5 GPato >4 GPa (Liou ct al., 1998). These pressures cannot be achieved by simply stacking, schuppen style,
slices of continental crust. Instead, crust must be subducted 100 to > 140 km into the upper mantle. By this
process it results in a gecometry where a wedge of mantle rocks lies dircetly above crustal rocks. It seems likely
that mantle fragments could be transferred from the hanging wall to the footwall, perhaps as slices or ductile
masses (Brueckner & Medaris, 2000). Once intruded. the peridotite will sharec a common tectonothermal his-
tory with the host crustal rocks. At some stages, the conditions forcing the continental crust into the mantle are
refaxed and the crust. with its cargo of peridotite bodies, will return towards the surtace (“eduction™). Several
mechanisms have been proposed to exhume deceply subducted crustal terranes (sce references in Brueckner &
Mecdaris, 2000). Many of these models postulate that the crustal slab either delaminates from its underlying
mantle or breaks off from the adjacent subducted oceantc lithosphere. In either case, the buoyancy of the crustal
terranc relative to the enclosing mantle causes it to return towards the surface, presumably along detachment
surfaces. Break-off of occanic slab allows asthenosphere to well up into the mantle wedge and results in the
intrusion of hot spinel peridotite that formed garnet by cooling (UHT subduction peridotite according to
Brucckner & Mcdaris, 2000). Garnet formed at the expense of spinel as a result of cooling either in the mantle
during upwelling or within the subducted continental crust during intrusion or afterwards as the host slab was
educted towards the surface. In the latter case, the garnet-bearing assemblages should give the same mineral
ages as the host crustal rocks.

Figure 3 is a P-T—t dif¥neiahBibiMebiiien c@adapaotoputidipecenryigcddh@ntle assemblages respec-
tively from the UHP metamorphic Kimi complex, based on the petrological results obtained from amphibolitized
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cclogites, gneisses, high-alumina metapelites and pegmatites for the crustal assemblages and the peridotites/
pyroxenites for the mantle assemblages presented in the previous chapters. As it is shown in Fig. 3 the crustal
and mantle assemblages followed separate exhumation paths up to a depth of about 60 Km and subsequently
both assemblages shared a common thermochronological history.

The inclusions of microdiamond in garnet porphyroblasts from the pelitic gneisses cvidence subduction of
sedimentary material from the Kimi complex to depths higher than 130 Km (>4 GPa). Moreover, the exsolutions
of silica rods in sodic garnet from the metapelites evidence subduction of the sedimentary rocks to depths of
~220 Km (~7 GPa) (sco Mposkos & Kostopoulos, 2001). Available petrological data are not adequate to con-
strain the temperatures at the peak pressures conditions. However, the ubiquitous rutile exsolutions in garnet
(titanium content in garnet is a temperature rather than pressure indicator) suggest temperatures higher than
1000 °C (Massonne, pers. comm,, 2001).

Application of the Grt-Cpx Fe-Mg exchuange thermometer (Ellis & Green, 1979) on eclogites using garnet
core-clinopyroxene core compositions yiclded a temperature range of 780-830 "C for an assumed pressure of 1.5
GPa. The same Grt-Cpx pairs yield temperatures between 943-995 °C for an assumed pressure of 7 GPa; tem-
peratures that could be acccpted as peak temperatures if we assume that exhumation occurred along the Fe-Mg
exchange cquilibration curve L.e. with slight temperature decrease. Mineralogical and textural data that can put
constraints on the L\hum(mon p.lth from the maximum depth (~220 Km to ~60 Km are still lacking. The high
enough temperatures that prevailed at shallow depths (<=800°C at 1.5GPa) and the fact that the Kimi Complex
stayed for a long time at appreciable depths (sec below), forming the root of an overthickened crust, lead to
extensive recrystallization/reequilibration and crased almost completely the mineral assemblages, formed at the
previous stages. However, the mineral assemblages Grt+Kfs+Pl+Otz+Bt and Ms+Gri+Kis+PI+Otz in the
migmatitic gneisses constrain the exhumation path at some stages between the reaction curves
Bt+Ms+Pl+Qtz—Gri+Kfs+ L and Ms+Pi+Qtz—As +Kis+ L (J.e. between 800-850 °C for pressures 1.4-2 GPa
respectively, Le Breton & Thomson, [988, Fig. 3. Point B).

In garnct-spinel peridotite and spinel-garnet-clinopyroxenite the high ALO, content (~4.3-3.53%) in the pri-
mary clino- and orthopyroxene indicate high temperature protoliths. Tcmpuatuu of 1235 "C und pressure of 2.6
GPa are caleulated using the Cr-in-Cpx barometer and the En-in-Cpx thermometer (Nimis & Tavlor, 2000) on the
recaleulated composition of a clinopyroxene containing spinel and orthopyroxene exsolutions (Plate 2C). High
temperatures and pressures arc also obtained (1160-1240 "C, 2.4 GPa) from the clinopyroxene composition coex-
isting with garnet in olivine-bearing clinopyroxenite. Such high temperatures at pressures of 2.4-2.6 GPa are not
expected in an environment of a subducted plate nor at the base of the overlying lithospheric mantle wedge. The
protolith of the Kimi ultramafic body represents, probably, a scgment of the asthenosphere welled up into the
mantle wedge as a result of break-off of the subducted oceanic slab from the continental stab carrying the Kimi
crustal assemblage. The primary peridotite was possible a garnet peridotite, equilibrated at P>3 GPa (Fig. 3, point
Al) as indicate the spinel 2 (X % = 0.14-0.15)-pyroxenc symplectite inclusions in spinel | (X ™ = 0.40-0.40)
(Plate 2A). During asthenosphérc upwelling and possibly with influx of water from the subducted plate, partial
melting occurred. Continuing decompression and cooling occurred within the enlarged stability ficld of Cr-spinel
peridotite (O’Neill, 1981) as suggest the spinel exsolutions in ortho- and clinopyroxene and the successive decrease
of Cr/(Cr+Al) ratio from the core to the rim in zoned Cr-spinel grains (0.46 core—0.20-0.15 rim, Fig.2). Crystalli-
zation of the melt and formation of cumulate pyroxenites occurred at high pressures (~2.4 GPa-1240°C, Fig. 3.A3)
within the stability field of garncet-pyroxenite, indicated also by the garnet inclusions in Cpx [ (plate 3E). A subse-
quent increment of the exhumation path is characterized by isobaric cooling within the garnet-pyroxenite stability
ficld as indicate the garnet exsolutions lamellae in Cpx 1 of pvroxenite (Plate 3B,C). For the garnet-spinel peridotite,
this 1soburic cooling occurred at the first stage within the spinel peridotite (Xu\"‘ = ).1()-( .15) stability field as
indicate the spinel exsolution in ortho- and clinopyroxene (Plate 2B,C) and the ubiquitous matrix spinels, and
subscquently passed into the spinel-garnet peridotite stability ficld as indicate garnct and spinel grains (X 7 =
0.08-0.14) preserved as inclusions in Opx2 (Plate 2E), hornblende (Plate 2F) and olivine associated with horn-
blende. Grt-Opx2 gecobarometry (Brey & Koehler, 1990) vielded a mean value of 1.5 GPa for an assumed tempera-
ture of 800 “C (Fig. 3. B1). Grt-Cpx Fe-Mg exchange thermometry on Grt-Cpx pairs from the clinopyroxenites
yielded cquilibration temperatures of 820-825 °C for Gri(core)-Cpx(core) compositions and 750-790 °C for Grt
rim-Cpx rim and for exsolved Grt-Cpx host pairs at an assumed pressure of 1.5 GPa. These P-T values approximate
those obtained for migmatite formation in gneisses of the continental assemblage. They possible represent the
depth (~60 Km) of intrusion of the peridotite/pyroxenite ussemblage into the continental assemblage. At this stage

the migmatitic gneisses prc&u&lglh %Eho@%‘%ﬁ”&éb%ﬁ&%%?‘p( ﬁrﬁlﬁtgll:'[ﬁu)\bv?qg AMO.
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Figure 3: P-T-t diagram showing the exhumation path of the crustal assemblage (A-B), the mantle assemblage
(A1-B1) and their common path of exhumation (C-F) in the UHP metamorphic Kimi Complex (eastern
Rhodope).

Subscquent sections of the exhumation path are well constrained from mineral assemblages and
thermobarometric calculations for the amphibolitized eclogites, the high-alumina metapelites, the trondjemitic
dyke in metagranodiorite and the muscovite pegmatites. Between points C and D in figure 3 the exhumation
path is characterized by hydration reactions in both the crustal and mantle assemblages indicating influx of
water. In peridotite the mineral assemblage Ol4+HbL (S1=6.5-6.8 atoms p.f.u.) dominate and is formed by the
reactions Grt+Cpx+W—OI+Hbl and Opx+Cpx+Spl+W -0l +Hbl, as indicate the garnet and spinel inclu-
sions in hornblende (Plate 2F). In cclogites, kelyphitic and diablastic hornblende replaces garnet and clinopyroxenc
(Plate 4B). Garnct-hornblende thermometry (Graham & Powell, 1984) viclded temperatures 67040 "C. The
reaction Ms+Grl—>Bl(X\hl:().SS)+K_V(Ky2)+Qu oceurred in high-alumina metapelites above the stability field
of staurolite (Mposkos ¥n@iged BBAOOTKAINPgOPRAGIS thl I L AWAMEGS. ATIHR. trondjemitic dvke in the
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metagranodiorite (Plate SA) at 1,05 GPa and 630 "C (Johannes. 1986) determined from the textural relations
and mineral assemblage Ms=Pg+PHARIS-20)+Czo+ 0tz Ky (Plate SB.C). The mincral assemblage
Grt+8t+Chl in the kyvanite-bearing high-alumina metapelites constrains the exhumation path within the stabil-
ity ficld of Grt+5t+Chl confined by the reaction curves 5.6 and 7 in figure 3. Point E records the intrusion of
muscovite pegmatites with muscovite having 3.2 Si atoms pifar The last point F on the exhumation path records
the formation of diaspore. prehnite and chlorite (corundophyllite) replacing garnet and spinel. and tremolite,
ahlorite and prehnite replacing clinopyroxene and hornblende along fissurcs in the spinel-garnet-pyroxenites
(Mposkos, 1994),

Geochronological data from the UTIP metamorphic Kimi Complex are still few but adequate for recording
the time of the (U)HP event and parts of the exhumation path. A Sm-Nd garnet-clinopyroxene-whole rock age
of 119 Ma frony the spinel-garnct clinopyroxenite associated with the garnet-spinel peridotite is interpreted to
record the HP/TT event (ca 1o GPa at 770 "C, Wawrzenitz & Mposkos, 1997). In garnct clinopyroxenite REE
are fractionated predominant between garnet and chnopyroxene, whereas HREE including Sm are preferen-
trally incorporated in garnct. I we assume that the Sm and Nd contained in garnet are inherited from a pre-
existent phase. this phase was also garnet ervstallized from the melt at HP-HT as indicate the garnet inclusions
i HT chnopyroxenes (Plate 3C.E). In this case the age of 119 Ma records no cooling stage at ~ 1.6 GPa and 770
"C but a previous stage of exhumation of the UHP event.

Gebauer & Liati (1997) and Liati & Gebauer (1999) report U-Ph SHRIMP ages from magmatic and meta-
morphic zircons from the Smigada cclogite of 119 Ma and 73 Ma respectivelv and characterized the same out-
crop as gri-rich cclogite boudin. They interpret the zircon age of 119 Ma, which comncides with the Sm-Nd Grt-
Cpx-whole rock age of the HP/UHT clinopyroxenite as crvstallization age of the gabbroic occanic protolith and
that of 73 Ma as the age of the HP metamorphism. Liatt & Gebauer (2001) have, recently, reinterpreted the age
of 119 Ma, as crystallization age of magmatic zircons at UTIP conditions, suggesting that the garnct-rich eclogite
of Smigada represents an UHP mantle cumulate. The U-Pb zircon age of 119 Ma probably records an carly
stage of exkumation of the UHP cvent of the Kimt Complex, hike the Sm-Nd Grt-Cpx-whole rock age.

The age of 73 Ma from the metamorphice zircons presumably record the time of amphibolitization of the
cclogite triggered by the influx of water. Liberation of zirconium from consumed garnet and chinopyroxene
formed the metamorphic zircons ut ca 670£40"C and 1.2-1.4 GPa.

The Rb-Sr muscovite age of 65 Ma from an undeformed muscovite pegmatite, is interpreted as crystalliza-
tion (thus intrusion) age (Mposkos & Wawrzenitz. 1995) and constrains the P-T conditions of the Kimi complex
at that time at 6.6 GPa (20 km) and ~600"C. The Kimi Complex is exhumed to the carth surface before 42 Ma as
mndicate the transgressively overlving Lutetian/Priaboniun (48-42 Ma) conglomerates,

5. CONCLUSIONS

Structural, petrological and geochronological work has shown that the RMP s a complex of Alpine
synmetamorphic nappe complexes, characterized by south- to southwest stacking and associated with both co-
eval and subsequent extension in an Alpine active margin sctting, The Kimi Complex. representing the upper-
most entity underwent UHP metamorphism in Lower Cretaccous (2119 Ma). Pressures =4 GPu (probably ~7
GPa) and temperatures = 1000 "C indicate subduction of oceanic and subscquent continental crustal material
into the asthenospheric mantle under the European continental plate. Break-off of the subducted slab allowed
asthenosphere to well up into the overlying mantle wedge and to undergo partial mehting, possibly with influx of
water from the subducted plate. The upwelling peridotite reequilibrated at pressures <3 GPainto the extended
stability field of Cr-Spinel peridotite. Decompression and cooling occurred within the Cr-Spinel peridotite sta-
bility field up to ~1.8 GPa and ~900 "C. Subscequent isobaric cooling crossed the stability tield of garnct peridotite.
At this stage peridotite intruded into the educted underlving continental crust. Exhumation of the subducted
continental material was rather slow and lasted more than ~55 Ma. Three stages of exhumation occurred. The
first stage from the maximum depth of =200-220 Kin to ~60 Km (P ~1.0 GPa, T =800°C) is characterized by slow
cooling rates, indicating rapid exhumation. At this stage significant overprinting of the carlier UHP assemblages
occurred. The second stage of exhumation from ~60 Km to ~38 km (P ~1.05 GPa, T ~640 °C) is characterized by
cooling at slow exhumation rates. At this stage, mineral assemblages in megaboudins of most rock types are
characterized by static anncaling reequilibation/recrystallization processes. The third stage of exhumation started
between 73 and 65 Ma, is characterized by rapid uplift; influx of water (possibly released trom the underlying
slab carrying the Sidironeron und Kechros Complexcs), intrusion of muscovite pegmatites at ~20 Km depths and

finally rapid cooling at shaHﬂRéP'éF&‘B[ﬁéﬁﬁ}lﬁﬁﬁ#&w@ﬁ?ﬁPHWIB?T;RIH{IHS1125&%4‘—%'%;{9‘-”-@-
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