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Abstract—Sapphirine-bearing symplectites that replace kyanite in eclogites from the Greek Rhodope Massif
have previously been attributed to a high-pressure granulite-facies metamorphic event that overprinted the
eclogitic peak metamorphic assemblage. The eclogitic mineralogy consisted of garnet, omphacitic pyroxene,
rutile and kyanite and is largely replaced by low-pressure minerals. Omphacite was initially replaced by sym-
plectites of diopside and plagioclase that were subsequently replaced by symplectites of amphibole and pla-
gioclase. Garnet reacted during decompression to form a corona of plagioclase, amphibole and magnetite.
Rutile was partly transformed to ilmenite and kyanite decomposed to produce a high-variance mineral
assemblage of symplectitic spinel, sapphirine, plagioclase and corundum. The presence of quartz and corun-
dum in the kyanite eclogites is evidence for the absence of bulk equilibrium and obviates a conventional anal-
ysis of phase equilibria based on the bulk-rock composition. To circumvent this difficulty we systematically
explored the pressure-temperature-composition (P—7—X) space of a thermodynamic model for the symplec-
tites in order to establish the pressure-temperature (P-7) conditions at which the symplectites were formed
after kyanite. This analysis combined with conventional thermometry indicates that the symplectites were
formed at amphibolite-facies conditions. The resulting upper-pressure limit (~0.7 GPa) of the sapphirine-
producing metamorphic overprint is roughly half the former estimate for the lower pressure limit of the sym-
plectite forming metamorphic event. Temperature was constrained (7" ~ 720°C) using garnet-amphibole
mineral thermometry. The P-T conditions inferred here are consistent with thermobarometry from other
lithologies in the Rhodope Massif, which show no evidence of granulite-facies metamorphism. Regional geo-
logical arguments and ion-probe (SHRIMP) zircon dating place the post-eclogite-facies metamorphic evo-

lution in Eocene times.
DOI: 10.1134/S0869591113050032

INTRODUCTION

The Rhodope Massif is a metamorphic nappe pile
that belongs to the Alpine-Himalayan suture and col-
lision system (e.g. Ricou et al., 1998; Burg, 2012 and
references therein). High-pressure rocks from the
intermediate thrust sheets contain evidence of poly-
metamorphic evolution at ultrahigh-pressure (UHP),
high-pressure and amphibolite-facies conditions
(Liati and Mposkos, 1990; Mposkos and Liati, 1993;
Liati and Seidel, 1996; Mposkos and Kostopoulos,
2001). The pressure-temperature (P-7) evolution of
these rocks is of geodynamic interest because it eluci-
dates the processes of burial and uplift in convergent
tectonic settings. Quartz-bearing kyanite eclogites
from the intermediate thrust sheets were investigated
in order to deduce their retrograde P-7 path and con-
strain their geodynamic evolution. This study focuses
on sapphirine-spinel-corundum-plagioclase-bearing
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symplectites after kyanite that were formed during the
post-eclogite stage of the metamorphic evolution.

The observation that the rock contains both corun-
dum and quartz, but that these phases are always sep-
arated by plagioclase indicates that the rock mineral-
ogy does not represent bulk equilibrium. The absence
of bulk equilibrium precludes analysis of phase rela-
tions on the basis of the bulk-rock composition. As an
alternative we assume that the symplectites after kyan-
ite record mosaic equilibrium (Korzhinsky, 1959), in
which case the local composition that dictated mineral
chemistry is unknown and most likely varied during
symplectite formation. The corundum-bearing sym-
plectites replacing kyanite are a case in point. The
presence of corundum in the symplectites suggests
that they are not in equilibrium with the quartz-bear-
ing matrix moreover, the presence of sapphirine, pla-
gioclase and spinel suggests that the reaction site
around kyanite has gained MgO, FeO, Na,O and CaO
from the surrounding matrix and therefore that the
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effective bulk composition of the kyanite domains var-
ied with time. To establish the P-T conditions of sym-
plectite formation our approach here is to explore the
range of conditions at which the addition of the afore-
mentioned components would reproduce the observed
symplectitic mineral assemblage after kyanite.

We begin by describing briefly the petrography and
mineral chemistry of the high-pressure rocks (eclog-
ites). Then, we discuss the petrological interpretation
of the symplectites and present our thermodynamic
analysis for the symplectites based on Gibbs free-energy
minimization. This analysis constrains the P-T condi-
tions during retrogression and decompression of the
high-pressure metamorphic rocks to 7'~ 720°C and
P < 0.7 GPa. To constrain the timing of this retrogres-
sion, we then present ion-probe (SHRIMP) zircon
dating that places the post-eclogite-facies metamor-
phic evolution in Eocene times, coeval with the mag-
matic activity in the region. This dating is relevant
because it constrains the regional geodynamic settings
in which the metamorphic overprint could have taken
place. We conclude with a discussion of possible sce-
narios in the light of our P- T estimates, which indicate
that the sapphirine-bearing symplectites formed at
high-grade amphibolite-facies conditions.

GEOLOGICAL SETTING

The Rhodope Massif is a region belonging to the
Alpine-Himalayan orogen (e.g. Burg, 2012 and refer-
ences therein). It involves three main units (Fig. 1)
namely, and according to their present-day structural
position, the Upper, Intermediate and Lower Terranes
(e.g. Burg et al., 1996). This terrane subdivision sum-
marizes the results of previous works in the Bulgarian
and Greek Rhodope (e.g. Burg et al., 1990; Papani-
kolaou and Panagopoulos, 1981, respectively). These
three units were intensely deformed in a non-coaxial
deformation regime and are separated by ductile
mylonitic zones with regional top-to-SSW sense of
shear (Burgetal., 1990; Burget al., 1996). The studied
kyanite eclogite crops out near Thermes (Fig. 1) as
isolated boudins within amphibolite-facies mylonitic
orthogneisses. The orthogneisses are strongly foliated
and occasionally have a migmatitic texture. lon
microprobe (SHRIMP) zircon dating from the eclog-
ites and from the leucosomes has provided two ages,
42.2 £ 0.9 and 40.0 = 1.0 Ma (Liati and Gebauer,
1999); these latter authors interpreted these two dates
as the age of the high-pressure (1.9 GPa) metamor-
phism of the eclogite and the age of migmatitisation of
the orthogneisses, respectively. Ductile normal fault-
ing related to regional extension was identified by
structural studies (Burg et al., 1990; Koukouvelas and
Doutsos, 1990; Kolocotroni and Dixon, 1991) while
Jones et al. (1992) pointed out the probable relation-
ship between the voluminous Tertiary magmatism and
the extensional collapse of the Hellenic orogen. The
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southern Rhodope is now viewed as a metamorphic
core complex (Dinter and Royden, 1993; Sokoutis
et al., 1993; Brun and Sokoutis, 2007). Syn- to post-
orogenic extension began in Paleocene-early Eocene
in the northeastern Rhodope Massif (Bonev et al.,
2006) whereas in the central Rhodope extension
started in the Mid-Eocene (Lips et al., 2000; Brun and
Sokoutis 2007; Wiithrich, 2009) and structured the
mid-Eocene (48—43 Ma) to Oligocene marine basins
(Krohe and Mposkos, 2002). Miocene extension, related
to slab-retreat and formation of the Aegean Sea has pro-
duced fault-bounded grabens, predominantly on the
southern side of the Rhodope Massif.

Kyanite-bearing eclogites belonging to the inter-
mediate thrust units (eclogite-metabasic-gneiss
sequence of Burg et al., 1996) were investigated to
trace their metamorphic P-T path during post-high-
pressure conditions. The thin sections studied here
come from a 4 m long boudin near Thermes village
(RH506; N 41°21'36.24""/E 24°57'56.88'"). These
eclogites were reported to record a complex polymeta-
morphic history including high-pressure metamor-
phic conditions (1.9 GPa and 700°C) followed by
high-pressure granulite-facies (P > 1.5 GPa, T >
800°C) and amphibolite-facies conditions (P = 0.8—
1.1 GPa, T=580—690°C, Liati and Seidel, 1996).

ANALYTICAL METHODS

Major-element mineral analyses and elemental
maps were obtained at ETH-Ziirich and the Institut
fiir Geowissenschaften, Johannes Gutenberg-Univer-
sitat, Mainz. At ETH-Ziirich a Jeol JXA 8200 electron
probe used while a Jeol JXA 8900RL was used at the
Institut fiir Geowissenschaften, Johannes Gutenberg-
Universitdat, Mainz. Both microprobes are equipped
with 5 wavelength-dispersive spectrometers operating
at an accelerating voltage of 15 kV and were operated
with a 2 um beam diameter and 20 nA beam current.
Natural and synthetic materials were used as standards
and a CITZAF correction procedure was applied. The
whole-rock composition of the studied samples was
obtained using a Pananalytical Axios wavelength dis-
persive XRF spectrometer (WDXRE 2 kV) at ETH-
Zirich.

Zircon separation was done at the Max-Planck
Institut fiir Chemie, Mainz, Germany. The samples
were crushed with a hydraulic press and ground in a
rotary mill. Zircons were extracted using a Wilfley
table, Franz isodynamic magnetic separator, heavy-
liquid (methylene iodide) separation and finally hand-
picking under a binocular microscope. Selected zircon
grains were mounted together with zircon standard
grains 91500 and TEMORA 1 in epoxy resin, they
were then sectioned and polished to approximately
half their original thickness, gold-coated, and investi-
gated using cathodoluminescence (CL) imaging.
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Fig. 1. Simplified geological map of the Rhodope Massif showing the main tectonic units and the sampling area near Thermes,
after Burg (2012). Geographic location of the Rhodope Massif is shown on the insert.

In-situ U-Pb isotope analyses were made with the
SHRIMP-II at the Center of Isotopic Research (CIR)
at VSEGEI, St. Petersburg, Russian Federation,
applying a secondary electron multiplier in peak-
jumping mode following the procedure described by
Williams (1998) and Larionov et al. (2004). A primary
beam of molecular oxygen was employed to bombard
zircon in order to extract secondary ions. A 70 um
Kohler aperture allowed focusing of the primary beam
so that the ellipse-shaped analytical spot had a size c.
No. 5
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27 x 20 um, and the corresponding ion current varied
from 3.7 to 4.5 nA. The sputtered secondary ions were
extracted at 10 kV. The 80 um wide slit of the second-
ary ion source, in combination with a 100 pm multi-
plier slit, allowed mass-resolution M/AM > 5000
(1% valley); thus, all the possible isobaric interfer-
ences were resolved. Rastering for 1 minute over a
rectangular area of ¢. 35 x 30 um was done before each
analysis in order to remove the gold coating and possi-
ble surface common Pb contamination. The following
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Fig. 2. Photomicrographs displaying the most important textures for our analysis (plane-polarized light—Mineral abbreviations
after Siivola and Schmid (2007)). (a) Garnet porphyroblast rimmed by a corona of amphibole, plagioclase and magnetite. Note
that symplectites of amphibole and plagioclase constitute most of the rock’s matrix. (b) Fragment of a garnet porphyroblast and
its corona replaced by spinel and plagioclase symplectites. (c) and (d) Pseudomorphs after kyanite composed of fined-grained

spinel-sapphirine-corundum-plagioclase symplectites.

ion species were measured in sequence: '°°(Zr,0)—2%Pb-
background (c. 204 AMU)—20Pb—207Pp—208pp—238J—
MThO—>*UO with integration time ranging from 2 to
14 seconds. Four cycles for each analyzed spot were
acquired. Apart from “unknown” zircons, every fifth
measurement was made on the zircon Pb/U standard
TEMORA 1 (Black et al., 2003). TEMORA 1 has an
accepted 2°Pb/?%U age of 416.75 + 0.24 Ma. The
91500 zircon with U concentration of 81.2 ppm and a
206pp /238U age of 1065.4 + 0.3 Ma (Wiedenbek et al.,
1995) was applied as a “U-concentration” standard.

CL-dark areas of the 'unknown' zircons were pref-
erably chosen for the U-Pb analyses. The results col-
lected were then processed with the SQUID vl.12
(Ludwig, 2005a) and ISOPLOT/Ex 3.22 (Ludwig,
2005b) software, with decay constants of Steiger and
Jager (1977). The common lead correction was done
on the basis of measured 2°*Pb/?°°Pb and modern (i.e.
0 Ma) Pb isotope composition, according to the model
of Stacey and Kramers (1975).

PETROGRAPHIC OBSERVATIONS
AND MINERAL CHEMISTRY

The studied samples are mainly composed of gar-
net porphyroblasts in a symplectitic matrix of clinopy-
roxene and amphibole with plagioclase (Fig. 2a). Gar-
nets reach up to 2 cm in diameter while amphibole-
clinopyroxene-plagioclase symplectites are typically
tens of um long and 10 to 15 um wide. Diablastic
amphibole up to 500 pm in length and coarse-grained
quartz are present in the matrix. Kyanite, rutile, zircon
apatite and rare phengite and biotite are accessory min-
eral phases. Electron microprobe mineral analyses are
given in Tables 1 and 2. Garnet porphyroblasts are
chemically zoned (Prpyy.z0; GrSi4.00; Almys ss; Sps,_7)
with cores rich in grossular, almandine and spessartine
components while the pyrope content increases out-
ward (Fig. 3, Table 1). The garnets are surrounded by
coronae of pargasitic amphibole, plagioclase, magne-
tite and, occasionally, sodic gedrite. Rutile, quartz,
amphibole, and plagioclase are common inclusions in
garnet.

PETROLOGY Vol. 21 No.5 2013
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Table 1. Representative electron microprobe analyses. The whole-rock chemical composition is also given
Garnet Clinopyroxene Plagioclase Sapphirine Spinel
Compo- . in quartz- | incorun- | incorun- | incorun- |Yhole
nent core rim fragmentin with plagioclase | rich do- dum-rich | dum-rich | dum-rich | rock
matrix mains domains domains domains
SiO, 39.38 | 39.86 39.08 52.88 54.06 66.35 58.11 11.09 0.00 53.02
TiO, 0.06 0.04 0.10 0.08 0.09 0.01 0.01 0.01 0.02 1.17
Al,O4 22.22 | 22.18 21.72 2.06 1.79 21.56 26.62 65.79 62.24 17.17
Cr,04 0.11 0.04 0.02 0.05 0.05 0.03 0.00 0.16 0.05 0.04
FeO,ta1 22.81 | 22.58 23.59 7.10 7.19 6.85 24.57
Fe;03 otal 0.20 0.20 7.54
MnO 1.16 1.17 0.79 0.10 0.07 0.01 0.00 0.03 0.17 0.16
MgO 7.53 8.04 6.75 13.29 13.70 0.00 0.00 16.00 13.62 7.96
CaO 7.88 7.48 8.01 22.39 | 22.42 2.07 8.73 0.05 0.08 7.87
Na,O 0.02 0.05 0.04 1.14 1.44 10.04 6.51 0.01 0.00 4.03
K,O 0.00 0.00 0.00 0.00 0.00 0.06 0.04 0.00 0.00 0.32
Total 101.16 | 101.43 | 100.10 99.08 | 100.80 100.34 100.22 100.00 100.75 99.28
Calculated mineral formulae to 12[O] atoms for garnet, 6 for clinopyroxene, 8 for plagioclase,
20 for sapphirine and 4 for spinel. Ferric iron-content estimated by charge balance

Si 2.99 3.01 3.01 1.97 1.97 2.90 2.59 1.32 0.00
Ti 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.99 1.97 1.97 0.09 0.08 1.11 1.40 9.21 1.92
Cr 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00
Fe3* — — — 0.05 0.07 0.01 0.01 — 0.08
Fe?* 145 | 1.43 1.52 0.17 0.15 - - 0.68 0.46
Mn 0.07 0.07 0.05 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.85 0.9 0.77 0.74 0.75 0.00 0.00 2.83 0.53
Ca 0.64 0.61 0.66 0.89 0.88 0.10 0.42 0.01 0.00
Na 0.00 0.01 0.01 0.08 0.10 0.85 0.56 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 8.01 8.00 8.00 4.00 4.00 4.97 4.98 14.07 3.00

Note: Analyses in wt %.

Diopsidic clinopyroxene is observed in the matrix
together with amphibole and plagioclase symplectites.
The clinopyroxene Na content is between 0.06 and
0.17 atoms per formula unit (apfu, Table 1). The molar
ratio Mg/(Mg+Fe) (Mg#) of the clinopyroxenes ranges
between 0.77 and 0.80. Diablastic amphiboles have gen-
erally a pargasitic composition with Na(M4) 06-0.20
decreasing towards the rim (Table 2). Symplectitic
amphiboles range from pargasite through hornblende
to actinolite with Na(M4), 5.0 26

Corundum-plagioclase, spinel-plagioclase and
sapphirine-plagioclase symplectites have overgrown
kyanite crystals forming pseudomorphs (Figs. 2, 4).
Kyanite and its pseudomorphs are always separated
from quartz by plagioclase, which is strongly zoned
(Fig. 5) with the most calcic compositions adjacent to
kyanite (Anyyg,) and the least calcic next to quartz
(Any_49). With regard to sapphirine, its fine-grained
nature in the symplectites allowed us to obtain only
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two chemical analyses from different domains. Both
analyses are identical and indicate an Mg# of 0.81.
The modal amount of sapphirine within the kyanite
pseudomorphs is less than 5% in the studied samples.
The analyzed spinel crystals are generally a solid solu-
tion between spinel (MgAl,O,) and hercynite
(FeAl,O4) and can be described by the formula:

2+ 3+ .
(Mg 53-0.54 F€0.45-0.47 )AL} 92-1.95 F€0 050,08 O4 (ferric iron
content estimated by charge balance).

GEOCHRONOLOGY

Zircons separated from the kyanite eclogite RH506
were rounded to elongated, their length measuring
between 60 and 150 um. In CL images (Fig. 6a) they
display a uniform dark grey colour with no inherited
cores or oscillatory zoning but occasional very thin
bright rims due to Pb loss. Their Th/U ratios are
extremely low (< 0.1; see Table 3), typical of metamor-
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Table 2. Representative electron microprobe analyses of amphiboles from texturally different domains. Normalized ac-

cording to Dale et al. (2005)

Domain
diablastic crystal with plagioclase symplectites in garnet corona
Component

core rim clinoamphibole orthoamphibole

SiO, 43.63 43.13 54.20 42.53 39.12 38.9
TiO, 0.50 0.67 0.17 0.28 0.04 0.04
Al,O3 15.18 13.34 2.37 18.30 21.60 21.60
Cr,04 0.00 0.00 0.12 0.05 0.03 0.06
FeOyqtal 11.01 11.43 8.45 12.42 15.70 15.45
MnO 0.19 0.09 0.09 0.15 0.45 0.50
MgO 14.10 14.28 18.95 11.15 17.20 17.17
CaO 9.24 11.32 12.07 8.56 0.71 0.67
Na,O 3.44 2.84 0.82 3.75 3.43 3.42
K,O 0.60 0.69 0.06 0.70 0.01 0.01
Total 97.89 97.81 97.29 97.89 98.29 97.82
Si 6.24 6.26 7.66 6.12 5.57 5.56
Ti 0.05 0.07 0.02 0.03 0.00 0.00
Al 2.56 2.28 0.39 3.11 3.62 3.64
Cr 0.00 0.00 0.01 0.01 0.00 0.01
Fe3* 0.58 0.35 0.20 0.41 0.51 0.50
Fe* 0.73 1.03 0.80 1.08 1.36 1.35
Mn 0.02 0.01 0.01 0.02 0.05 0.06
Mg 3.00 3.09 3.99 2.39 3.65 3.66
Ca 1.42 1.76 1.83 1.32 0.00 0.00
Na 0.95 0.80 0.22 1.05 0.00 0.00
K 0.11 0.13 0.01 0.13 0.00 0.00
Total 15.67 15.80 15.14 15.67 15.83 15.84
Na(M4) 0.20 0.06 0.05 0.26 Na(A) 0.83 0.83
AIl(T) 1.76 1.74 0.34 1.88 AI(T) 2.43 2.44

Note: Analyses in wt %.

phic zircons (Teipel et al., 2004). Their 2°°Pb/>3¥U ages
spread between 40.9 = 1.7 and 67 = 5.8 Ma whereas
three grains define a Terra-Wasserburg concordant age
of 42 =+ 2 Ma (Fig. 6b). Two other grains yield a con-
cordant age of approximately 55—60 Ma.
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ESTIMATION OF P-T CONDITIONS
Conventional Geothermometry

The application of geothermometers to constrain
metamorphic conditions is restricted to mineral
assemblages that are assumed to represent relict equi-
librium (Powell and Holland, 2008). The garnet-cli-
nopyroxene thermometer (e.g. Ellis and Green, 1979)
and the GASP barometer (e.g. Holdaway, 2001) are
commonly used to estimate temperature and pressure
during metamorphism, respectively. Unfortunately, in
the studied samples, garnet and clinopyroxene were
never found in contact. The GASP barometer cannot
be used because kyanite (the only Al,SiO5 phase
observed) is part of locally re-equilibrated corundum-
spinel-sapphirine bearing domains and thus not in
equilibrium with garnet and plagioclase in the matrix.

Fig. 3. Compositional profiles across garnet porphyroblast.
Two compositionally different domains (core and rim) can
be distinguished. The grossular, spessartine and almandine
components decrease towards the rim of the garnet while
the pyrope component increases.

PETROLOGY Vol. 21 No.5 2013
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Crn+ PL

Fig. 4. (a) Backscattered electron (BSE) image of a pseudo-
morphs after kyanite. (b) Detail of (a) showing the fine-
grained nature of the symplectites that replace kyanite.

However, garnet-amphibole thermometry (Graham
and Powell, 1984; Perchuk, 1991) can be used to esti-
mate the temperature of the amphibole corona forma-
tion. Twenty seven garnet-amphibole pairs from the
garnet corona were identified and analyzed. The result-
ing temperature estimate is 713 + 60°C and 733 + 66°C
using the thermometers of Graham and Powell (1984)
and Perchuk (1991) respectively (Fig. 7). The abun-
dance of these minerals and their presence in contact
reduces the uncertainties caused by disequilibrium.

Metamorphic Evolution
and Mass Transfer Constrains

Eclogites are plagioclase-free rocks composed
mainly of garnet and omphacite (e.g. Carswell 1990).
The presence of amphibole and plagioclase in coronae
around garnet (Fig. 2a) and the symplectitic inter-
growths of clinopyroxene with plagioclase indicate
recrystallization in the plagioclase stability field during

PETROLOGY Wol. 21
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Fig. 5. Calcium map of plagioclase armouring kyanite and
showing anorthite-rich compositions next to the alumino-
silicate phase (kyanite) and albitic composition next to
quartz. The spinel occurs in the Ca-rich domain.

decompression (e.g., Godard 2001 and references
therein). The high-pressure mineral assemblage is
mostly constituted of garnet and sodic clinopyroxene
(omphacite) with rutile and kyanite as accessory
phases. The lack of evidence for partial melting and
the stability of amphibole during decompression con-
strain the maximum temperature of the metamorphic
overprint to 7'< 1050°C (Rapp et al., 1991; Rushmer,
1991). The preserved zoning in garnet also suggests
that post-eclogite equilibration temperatures were
insufficient for extensive diffusive re-equilibration
(e.g. Anderson and Olimpio, 1977; Woodsworth,
1977; Florence and Spear, 1991; Spear and Florence,
1992; Caddick et al., 2010). Symplectites of plagio-
clase with corundum, sapphirine and spinel replace
kyanite in the post-eclogite metamorphic overprint,
the P-T conditions of which are the subject of the
present work.

The crystallisation of spinel and plagioclase as a
result of kyanite breakdown requires an influx of
Na,O, Ca0O, FeO and MgO at the kyanite-quartz
interface (Fig. 5). Based on textural observations,
there are no other Fe—Mg-bearing phases than spinel
and sapphirine in the kyanite domains (Fig. 4a). Given
the phase relationships in studied thin sections, garnet
and its corona minerals have most likely supplied Fe
and Mg for the formation of the spinel-plagioclase
symplectites in the kyanite pseudomorphs (Fig. 2b)
indicating that the source of these elements was local.
This influx of elements is therefore a micro-scale
metasomatic process. A similar process has been doc-
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Fig. 6. (a) Cathodoluminescence (CL) image of zircon
grains separated from the Thermes kyanite eclogite.
(b) Tera-Wasserburg diagram for measured zircons from
the Thermes kyanite eclogite and calculated concordia age
of 42 + 2 Ma, (20, decay-constant errors included, proba-
bility of concordance 0.94). Two zircon dates yield a con-
cordant age of around 55—60 Ma.

umented for assemblages in felsic (e.g., Tajémanova
et al., 2007, 2011) and mafic compositions (e.g., Liati
and Seidel, 1996; Godard and Mabit, 1998; Naka-
mura and Hirajima, 2000). These works emphasized
that the absence of contacts between quartz and kyan-
ite and the crystallization of plagioclase in between
require a difference in the chemical potentials of SiO,
and Al,O; across plagioclase (Fig. 8). The presence of
corundum coupled with the absence of a silica poly-
morph in the kyanite-breakdown domains indicates
that these domains are saturated in Al,O; and under-
saturated with respect to SiO,, although the presence
of quartz indicates that the rest of the rock is saturated
in Si0,. Local SiO, undersaturation in quartz-bearing
rocks has also been reported by Aranovich and
Kozlovskii (2009) who pointed out the necessity of
constraining silica activity before conclusions on P-T
conditions are drawn. Therefore, the investigation of
local mineral equilibria is necessary to deduce the P-T'
conditions of the breakdown of kyanite.

Thermodynamic Modeling of Kyanite Breakdown

The crystallization of corundum during Kyanite
breakdown and the formation of distinct textural
domains in the rock where corundum and quartz are
never in contact (e.g. Fig. 5) indicate the development

(b)

n=27

(Graham and
Powell, 1984)
T,°C=1733
SD =60

1

—
e o]

n=27 (Perchuk, 1991)
T,°C=713
SD = 66
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S N B O
T T T T

Absolute frequency

|

S N b~ O
T

500

600

700 800 900 1000
Temperature, °C

|
500 600 700 800 900 1000
Temperature, °C

Fig. 7. Frequency histograms that summarize the results of the application of the garnet-hornblende thermometers of Graham
and Powell (1984) and Perchuk (1991) to twenty seven (27) pairs.
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Table 3. U-Th-Pb SHRIMP data for zircons from Thermes kyanite eclogite (sample RH506)
232 Age, Ma 207 207 206
206pp .| U, | Th, |~ Th|206pp= 206 238 Pb* Pb* Pb*
P ’ ’ Pb U | 2% |(1) 50— | 2% |(1) =— | 2% |(1) =— |£%| Rho
= % |[ppm|ppm| 238, | ppm | (1) = ) e 2061 5 254 238
& U Pb*
1479 | 63]06]0.01[0363 [409|*1.7| 157 4.1 0.047 |56 0.041 |56 | 0.00637 | 4.1/0.074
21000 | 3]0.7]0.21|0.0304|67 | £5.8 95.7 |8.7 0.374 |14 0.539 |16 | 0.01045 | 8.7/0.532
31000 | 910.5]0.05|0.0577|47.6| 49| 135 10 0.177 |14 0.181 |17 0.00741 |10 [0.599
41 0.00 | 15| 0.8 |0.060.099 [48.9|+2.3 131.2 | 4.7 0.11 12 0.115 |13 0.00762 | 4.7/0.375
510.00 [ 29 | 0.3 |0.01]0.232 |58.9| +2.1 1089 | 3.6 0.051 |12 0.0646 |13 0.00918 | 3.6/0.277
6] 000 |5 |18]0.03|041 |551|+x1.6| 1165 |3 0.0497 | 9.1| 0.0588 | 9.6/ 0.00858 | 3 |0.310
71 0.00 |40 |03]0.01[0224 [41.7|*x1.4| 1542 |3.5 0.0473 |11 0.0423 |11 0.00649 | 3.5/0.306
81 000 |41 | 1.8 {0.04|0.233 |42.2| £2.3 152.1 |54 0.0459 |11 0.0416 {12 | 0.00657 | 5.4/0.430

Note: Errors are 1o; Pb, and Pb* — indicate common and radiogenic portions, respectively. Error in standard calibration was 0.36%

(not included in the above errors). Rho - error correlation (1) Common Pb-corrected using measured

U4Pb. The data were plotted

on a Tera-Wasserburg diagram (Fig. 6b) because of the young ages obtained.

of domains with varying SiO, and Al,O; chemical
potentials. Formation of sapphirine, plagioclase,
spinel and corundum symplectites during decomposi-
tion of kyanite crystals requires a mass-transfer pro-
cess that would add MgO, FeO, CaO and Na,O to
kyanite. Kyanite is therefore chosen as the thermody-
namic system of interest and the additional compo-
nents are considered as independent unknowns. In
other words, having kyanite as a starting point in the
composition space and the symplectites of corundum,
plagioclase, spinel and sapphirine as the final point,
we can use compositional variables in a forward way to
predict the conditions of formation of the observed
mineral assemblage. The thermodynamic calculations
were made using free-energy minimization (Connolly,
2005), the thermodynamic database of Holland and
Powell (1998, revised 2002) and the mineral solution
models summarized in Table 4. Water is excluded from
the thermodynamic calculations since its presence
would expand the stability field of hydrous phases and
as a consequence would reduce the stability field of the
phases constituting the pseudomorphs after kyanite.
To illustrate the impact of the domain composition on
the phases being formed after the decomposition of
kyanite we will consider an example. In this example
we assume that the composition of the system is
allowed to vary linearly between pure kyanite and the
composition of the corundum-plagioclase-spinel-
sapphirine-bearing symplectites. The composition of
the symplectites was calculated using the actual com-
position of these phases and their volume proportions
(extrapolated from image analysis). Assuming initially
that the breakdown of kyanite took place under iso-
thermal conditions (7= 750°C) then, in order to form
the symplectitic assemblage, kyanite would have to
decompose below ~0.6 GPa otherwise garnet would
have been formed in the pseudomorphs. The phase
diagram (Fig. 9) predicts the formation of the sym-
plectite paragenesis with the assumption that the com-
position of the kyanite domain varied continuously
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and linearly at constant temperature. This is a simpli-
fication that shows the development of corundum sat-
uration by varying only MgO, FeO, CaO and Na,O.

Modeling Strategy—the Full Picture

Systematic investigation of pressure, temperature and
composition space (P—7—X) using forward modeling of
equilibrium thermodynamics can yield the maximum
range of P-T conditions within which the studied sym-
plectites have been formed. In the model, equilibrium is
assumed only between kyanite and adjacent phases. To
illustrate the compositional phase relations relevant to
the symplectitic paragenesis, we consider phase relations
in isobaric-isothermal phase diagrams as a function of
two compositional variables (i.e. X—X sections). In these
diagrams, the origin represents an Al,SiO5 polymorph
as a source of alumina and silica. Additive vectors repre-
sent the alkali addition (CaO + Na,0O—y-axis) and
base metal oxide addition (FeO + MgO—sx-axis)
(Figs. 10a, 10b). The ratio of Al,O,/SiO, is treated as
constant. Enrichment in Al,O; would only change the
amount of corundum predicted by calculated phase
equilibria without changing the topology. On the other
hand, enrichment in SiO, would suppress corundum

Al,O4 SiO,

saturation saturation
) HALO; HSI0; Matrix phases

Ky.amte (amphibole
Spmel. ) plagioclase
Sapphlrme clinopyroxene
Plagioclase garnet
Corundum quartz)

Fig. 8. Schematic diagram showing the domains of local
chemical equilibrium. The symbol p symbolizes the chem-
ical potential.
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Table 4. Solid-solution models used in thermodynamic calculations (for more details: http://www.perplex.
ethz.ch/PerpleX_solution_model glossary.html)

Mineral Mineral Formula/Composition Solution Model
Clinopyroxene Na, , ,[CaMg, Feflt oliy_wAL Fef;r Si,04 Green et al., 2007
Orthopyroxene [Mg,Fe; _ ], _ ,Aly,Si; _ ,Og Holland and Powell, 1996
Plagioclase Na,Ca, _,Al, _ Si, . ,O4 Newton et al., 1980
Garnet Fe; Ca; Mg Mns __,,_ 5ALSi;0 5, x+y +z<1 Holland and Powell, 1998
Spinel Mg, Fe,_ Al,O3 Holland and Powell, 1998
Sapphirine [Mg,Fe; _l4_,nAlg_,Siy_ 09 Holland and Powell, 1998
Cordierite MgZxFezyan(l —x _y)Al4Si5018 . (Hzo)z, X+ y <1 Ideal

saturation and force quartz saturation. The latter can
be rejected on the basis of textural evidence which
demonstrates corundum saturation. The Na,O/CaO
and FeO/MgO ratios are constrained by mineral
analyses. Since plagioclase and spinel are the only
Na,0—CaO and MgO—FeO bearing phases in the

symplectitic domains respectively (sapphirine is not
observed in all pseudomorphs and even when it is, its
volume amount is minor), the variation of the afore-
mentioned elements can be estimated by the composi-
tion and the amount of plagioclase and spinel in the
pseudomorphs.

(b)

Si0O,-saturated

© Si0O,-saturated
Al,O3-saturated

L

(a) 1.3
T'=750°C Pl Grt Crn
1.1
£0.9
@)
o
‘é Spr Pl Grt Crn
5
A~ 0.7
Spr Pl Grt Sil Crn
0.5F ;
Spr Pl Spl Sil Crn
Crd Pl Spl Sil Crn
03 1 L 1
0 0.2 0.4 0.6

X, weight fraction

Zoned plagioclase

0.8 1.0

Fig. 9. (a) Pressure-composition (P—X) phase-diagram section showing the phase fields that have to be crossed during kyanite
symplectitisation. The composition of the symplectite domain is in wt %: Na,O: 4.540, CaO: 4.620, FeO: 6.230, MgO: 3.790,
Al,03:44.525, SiO,: 36.400 (at X = 1). The composition at X = 0 is the composition of pure kyanite and the composition at X = 1 is
the composition calculated from its pseudomorph. Temperature was assumed to be 750°C, higher than the results from geother-
mometry (Fig. 7) in order to obtain a high-pressure limit during the symplectitisation process. Note that only at pressures below
0.6 GPa it is possible to form the symplectites with sapphirine, plagioclase corundum and spinel (indicated by a star) without
forming garnet. (b) Schematic illustration showing the kyanite domain before and (c) after the beginning of symplectitisation.
Note that kyanite is consumed to produce the sapphirine-corundum-spinel-plagioclase symplectites. The kyanite domain in
(c) is saturated in corundum and is not in contact with the rest of the rock since a rim of zoned plagioclase has been formed. The
dark colors of the rim illustrate relative anorthite abundance in the plagioclase. The thin lines mark the boundaries of the system.
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(a) (b)
Na,O CaO SiO, Al,O, Na,O CaO SiO, AL,O,
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Fig. 10. X—X phase-diagram section calculated for the NCFMAS system and for fixed P-T conditions. Three arbitrarily chosen
arrows show possible metasomatic paths from a pure aluminosilicate composition, that represents the initial composition of the
kyanite domain (three moles of Al,SiOs), towards the plagioclase-sapphirine-spinel phase field for each diagram. No excess
phases were assumed for these calculations. At low pressures (P = 0.5 GPa, 7= 900°C) (a), adding MgO+FeO and Na,O + CaO
will consume the aluminosilicate phase resulting in the formation of sapphirine-corundum-plagioclase-spinel-bearing assem-
blages. (b) Same as in (a) but at higher pressures (P = 1.1 GPa, 7'= 900°C). Note that at higher pressures any continuous mass
transfer would first form garnet until the aluminosilicate phase is consumed. (c) Calculated modal amount of the aluminosilicate
phase (sillimanite in this case) from the diagram shown in (a). The mass-transfer path towards the observed symplectitic miner-
alogy (indicated here with a star) will consume the aluminosilicate phase. (d) A schematic P-T diagram showing the way the for-
ward model has been set up. Composition-composition (X—X) phase-diagram sections (such as Figs. 10a, 10b) were calculated
over a range of P-T conditions circles and crosses. The shaded field shown here represents the maximum P- 7 field for symplectite
assemblage without garnet, orthopyroxene, and cordierite (runs with circles).
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Fig. 11. (a) Calculated P-T projection after the analysis of the phase diagram section relations. Corundum and Al,SiO5 are
assumed in excess as required from the X—X phase diagram sections. The univariant phase fields define limiting conditions for the
symplectitisation of kyanite to produce sapphirine-spinel-corundum-plagioclase bearing assemblages. Note that the boundaries
represent limiting conditions and have to be satisfied simultaneously. (b) Summarized results from thermometry (with uncer-
tainty) and the thermodynamic modeling. The Lines R91-a and R91-b correspond to vapour absent solidus and the amphibole-

out melting reaction of Rapp et al. (1991), respectively.

Corundum-spinel-sapphirine-plagioclase symplec-
tites after kyanite can develop in any composition of the
model system for which there is a continuous (not neces-
sarily linear) path from the Al,SiOjs initial composition to
the spinel-sapphirine-plagioclase-corundum field (see
examples of possible paths in Figs. 10a, 10b). Along this
path the Al,SiOs phase is consumed, finally yielding a
mineral assemblage consisting of spinel, plagioclase sap-
phirine and corundum (Fig. 10c). Although the mass-
transfer path is unknown, it is constrained by the assump-
tion that it did not cross phase fields where garnet or
cordierite are produced since there is no textural evi-
dence for their formation in the studied symplectitic
domains. Several X—X phase diagram sections were
therefore calculated for different P, 7, Na,O/CaO and
MgO/FeO ratios to investigate the topology of the dia-
grams. Those which supported the petrographic observa-
tions were then used to infer the P-7 conditions of for-
mation of the symplectites (cf. Figs. 10a and 10b). The
P-T conditions of formation of these symplectites were
constrained by rejecting the conditions (i.e. diagrams like
Fig. 10b) at which garnet, cordierite or pyroxene were
produced during the breakdown of the Al,SiO5 phase
(Fig. 10d).

Model Results

The phase relation analysis shows that, for bulk
compositions consistent with the observed mineral

assemblages, the P-T conditions at which the studied
symplectites formed are bounded by the following
univariant phase fields (Fig. 11a):

1) orthopyroxene = spinel + sapphirine,

2) garnet (Al/m-Prp) = spinel + sapphirine,

3) garnet (Alm-Grs) = spinel (hercynite) + plagio-
clase (anorthite),

4) sapphirine = spinel + cordierite.

These four univariant fields (lines in the P-T space)
in subsystems of the WNa,O—CaO—FeO—MgO—
Al,0;—Si0, (NCFMAS) system are all saturated in
corundum and an aluminosilicate (Al,SiOs) phase as
predicted by the investigation of the X—X sections.
Crossing any of these fields during metasomatism
would produce minerals (orthopyroxene, garnet and
cordierite) for which there is no textural or chemical
evidence in the studied thin sections. For example, if
the breakdown of the aluminosilicate phase (kyanite in
this case) occurred above the limits imposed by reac-
tion (2) garnet would have to be formed in order to
produce sapphirine-spinel-plagioclase-corundum
symplectites (Fig. 10b). The results of the modeling
together with the thermometry results are illustrated in
Fig. 11b. Within the uncertainty of the thermometry
results, the upper pressure limit of the symplectite-
forming process after kyanite is between 0.5 and
0.7 GPa. The P-T conditions predicted for the sym-
plectite formation are within the stability field of silli-
2013

PETROLOGY Vol. 21 No. 5



P-T ESTIMATES AND TIMING 519

manite and not that of kyanite, which is observed in
the rock. This is explained by the fact that kyanite is
reacting non-isochemically to form the aforemen-
tioned symplectites (therefore it is not in its stability
field) and phase equilibria using equilibrium thermo-
dynamics do not account for the metastable preserva-
tion of mineral phases.

DISCUSSION

The studied symplectitic spinel, sapphirine, corun-
dum and plagioclase were previously taken as evidence
for high-pressure granulite-facies overprint (Liati and
Seidel 1994; 1996). Our results show that these sym-
plectites were formed at pressures much lower than
1.0 GPa, and temperatures <1050°C as required by the
presence of stable amphibole in the rock. This is taken
as a theoretical absolute upper-pressure limit. That the
symplectites were formed under amphibolite-facies
conditions (0.4 GPa < P < 0.7 GPa, 580°C < T <
800°C) is supported by the thermodynamic modeling
which assumes local equilibrium (Fig. 11), the
absence of granulite mineral assemblages, the geother-
mometry results (Fig. 7), and the metamorphic studies
on country rocks (Krohe and Mposkos, 2002). The
pressure difference of the estimated metamorphic
pressures between Liati and Seidel (1996) and this
work is at least 0.8 GPa.

The Eocene metamorphic age of 42 £+ 2 Ma deter-
mined here by zircon geochronology for sample
RH506 is equivalent to previous dating of similar kya-
nite eclogite lenses from the same Thermes area (Liati
and Gebauer, 1999). However, our results are of con-
sequence for deciding which metamorphic episode is
responsible for the ages obtained. Liati and Gebauer
(1999) suggested that their 42.2 + 0.9 Ma zircon age
dates eclogite formation at more than 60—70 km depth
(P> 1.9 GPa) in a subduction zone; the eclogites expe-
rienced granulite-facies thermal overprint (deduced by
the presence of sapphirine) at 40.0 = 1 Ma while the
rocks were still at more than 1.5 GPa (> 50 km inferred
depth), then were re-equilibrated at amphibolite-
facies conditions (580—690°C/0.8—1.1 GPa; Liati and
Seidel, 1996) before cooling down to 300°C at about
10 km depth at 36.1 £ 1.2 Ma (Liati and Gebauer,
1999). This age—metamorphic facies correlation
implies extraordinary rates of exhumation and cool-
ing, i.e. ~1.2 GPaand ~500°C within 4 Ma (from 40 to
36 Ma). In the light of our new P-T estimates, the for-
mation of sapphirine symplectites after kyanite
occurred at amphibolite-facies conditions and there-
fore large exhumation rates are not suggested. Addi-
tionally, high-pressure, Eocene eclogitic metamor-
phism occurs in the Cyclades, further south (Tom-
aschek etal., 2003; Lagos et al., 2007). Coeval
eclogite-facies metamorphism in the Rhodope and in
the Cyclades would require either north-dipping, dou-
ble subduction during Eocene times (one in the south
Aegean, one in the Rhodope Massif), or a single slab
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carrying the now ca. 400 km apart Rhodopean and
Cycladic eclogites. Double subduction scenarios are
difficult to reconcile with the single, continuous litho-
spheric slab imaged on seismic tomography of the
Aegean region (Papazachos and Nolet, 1997; Bijwaard
et al., 1998; Hafkenscheid et al., 2006). We note that
the Eocene zircon ages are contemporaneous with
intrusion of voluminous Tertiary granitoids through-
out the Rhodope Massif (e.g. Soldatos et al., 2008) at
the time of regional amphibolite-facies metamor-
phism (e.g. Liati, 1986). Therefore, our zircon meta-
morphic age most likely dates the closure of the U—Pb
system by the end of the amphibolite-facies overprint
(T ~ 720°C) that produced the sapphirine-bearing
symplectites. Magmatism and metamorphism
together indicate an important thermal flux in this
region in the overriding plate above the Eocene
Aegean slab. We conjecture that the 55—60 Ma con-
cordant zircon ages obtained in our work refer to ear-
lier cooling of the studied eclogite.

CONCLUSIONS

The geodynamic implications of the new P-T esti-
mates show that during post-eclogite metamorphic
overprint, the intermediate thrust units of the
Rhodope Massif were at normal crustal depths. Kyan-
ite eclogites from Thermes (Rhodope Massif) devel-
oped domains of quartz and corundum saturation
which cannot be treated as a uniform system. The
study of local equilibrium domains in metamorphic
rocks involving composition and P-T as unknowns
combined with geothermometry gives consistent
results with previous regional studies for the overprint
of the Thermes high-pressure rocks. This approach
can be applied to different systems where mosaic equi-
librium is observed and when the equilibration volume
is not constrained due to mass transfer or metasoma-
tism in general. We conclude that, when considering
local thermodynamic equilibrium, the existing petro-
logical data support that the Thermes kyanite-eclogite
recorded a normal type of amphibolite-facies over-
print during Eocene times.
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