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Abstract

We report here the first discovery of ultrahigh-pressure (UHP) indicator minerals and textures from the Rhodope
Metamorphic Province (RMP), northern Greece. In particular, we document the exsolution of quartz, rutile and apatite
in sodic garnet from metapelites (garnet-biotite—kyanite gneisses), which attests to the presence of a Si-Ti-Na-P-rich
precursor garnet phase. Similar textures in garnet have been reported in the literature only once before for eclogites
from the Su Lu UHP metamorphic province, China. We also document the presence of microdiamonds and
multicrystalline quartz pseudomorphs after coesite, included in garnet from both eclogites and metapelites. We then
argue that these rocks had once been transported to depths exceeding 220 km, well into the upper mantle, thus
establishing the RMP as another important UHP metamorphic belt in the world. © 2001 Elsevier Science B.V. All

rights reserved.
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1. Introduction

The hypothesis of ultrahigh-pressure (UHP)
metamorphism of crustal rocks was first put for-
ward to explain the formation of mantle-equili-
brated (4.5 GPa/850°C) olivine-free, orthopyrox-
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ene eclogites of gabbroic composition from Nor-
way [1]. However, up until the discovery of coesite
in crustal lithologies [2,3] the subduction of con-
tinental material to depths below the crust-mantle
boundary was considered impossible. The pres-
ence of coesite hinted at the possibility that con-
tinental material can be transported to depths of
at least 85-95 km (i.e. 2.6-3.0 GPa at 600-1100°C
[4]). The documentation of diamond in crustal
metamorphic rocks from several continental plate
collision zones [5-10] indicated continental sub-
duction to even greater mantle depths (i.e. 100-
150 km or 3.1-4.5 GPa at 600-1100°C [11]). Ad-
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Fig. 1. Geological map of the central and eastern Greek Rhodope (after [23]; simplified) with locations of samples containing di-

amond, former coesite, and supersilicic garnet.

ditional evidence for ultrahigh metamorphic pres-
sures came from detailed microstructural observa-
tions, particularly from the identification of:

1. a-PbO;-type TiO, inclusions in garnet from
diamondiferous gneisses [12], requiring pres-
sures in the range 4.5-6.5 GPa at 1000°C [13];

2. clinopyroxene, rutile and apatite exsolutions in
garnet from eclogites, suggesting the existence
of precursor majorite stable at depths exceed-
ing 200 km [14];

3. ilmenite exsolutions in olivine and clinoensta-
tite exsolutions in diopside from Alpine-type
garnet lherzolites, implying minimum depths
of origin of 250 km [15,16];

4. two-pyroxene and rutile exsolutions in garnet
from Alpine-type garnet lherzolites pointing to
an initial majorite composition stable at P> 6
GPa [17,18];

5. oriented magnetite lamellae in olivine from Al-
pine-type harzburgites, indicating exsolution
from a pre-existing wadsleyite phase stable at
P>6 GPa [19].

Here, we report the first discovery of diamond
and former coesite inclusions in garnet, and of
quartz, rutile and apatite exsolutions in sodic gar-

net from eclogites and metapelites of the Rhodope
Metamorphic Province (RMP), northern Greece.
We then argue that these rocks attained peak
metamorphic P-T conditions of about 7 GPa/
1100°C.

2. Geological background

The RMP is one of the major geotectonic units
of northern Greece (Fig. 1). It extends northwards
into eastern former Yugoslavia and southern Bul-
garia, and includes the Serbo-Macedonian (west-
ern RMP) and Rhodope Massifs (central and
eastern RMP). It mainly comprises amphibolites,
often enclosing eclogite bodies, amphibolite-facies
para- and orthogneisses and schists, in places mig-
matitic, and marbles, all invariably intruded by
large granitic masses. The RMP has traditionally
been viewed as a stable continental block, consoli-
dated in Precambrian to Paleozoic times. Recent
structural and petrologic work has nevertheless
shown the RMP in fact to be a complex of Alpine
synmetamorphic nappes characterized by south to
southwestward stacking and associated with both
coeval and subsequent extension in an Alpine ac-
tive margin setting [20-22].
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On the basis of calculated metamorphic P-T
paths and exhumation age criteria for the various
metamorphic rocks the RMP has been subdivided
into distinct entities [23]. However, for the pur-
pose of the present paper, and to avoid unneces-
sary complexity, these entities have been grouped
into two units, a structurally upper and a struc-
turally lower unit (see Fig. 1). In terms of exhu-
mation ages the structurally upper unit appears to
have been exhumed earlier (65-30 Ma) compared
to the structurally lower unit (30-8 Ma), which
also constitutes the so-called ‘Rhodope metamor-

Table 1

phic core complex’. In terms of metamorphic P-T
paths the major difference between the structur-
ally lower and the structurally upper unit is that
in the latter, prograde assemblages developed at
T> 550°C, whereas in the former they developed
at T<550°C. Available peak pressure estimates
range from ca. 1.2-1.4 GPa for the structurally
lower unit to about 1.6-1.9 GPa for the structur-
ally upper unit [23]. However, the recent discovery
of graphitized diamonds in metamorphosed crus-
tal rocks (of both sedimentary and igneous pro-
toliths) forming the westernmost extension of

EMP analyses (wt%) of selected mineral inclusions and host garnet (ordinary and supersilicic) from grt-bt-ky gneisses, Kimi area
(samples OS-3 and OS-4), and of supersilicic garnet produced experimentally at 7 GPa/1100°C on a pelitic composition ([38]; run

# sh23)

Ky Ap Rt Rt Bt Grt Grt Grt

incl. in incl. in incl. in incl. in incl. in ordinary supersilicic supersilicic

grt grt grt brown grt blue grt Rhodope experimental
SiO, 36.48 0.43 37.25 37.47 38.52 39.89
TiO, 94.81 95.96 2.62 1.03 1.02
ALO; 61.10 18.12 21.45 19.58 20.38
F6203 0.70
FeO 0.25 1.26 1.44 12.86 29.72 31.65 24.92
MnO 0.92 2.06
MgO 0.34 0.83 0.35 15.24 5.84 3.87 5.04
CaO 52.25 3.80 2.80 8.47
Na,O 0.46 0.60 0.62
K,0 8.74 0.11
P,05 44.06 0.33
V,05 2.16 1.47
Total 98.55 97.38 98.58 99.30 95.28 99.20 100.44 100.45
Si 1.0007 0.0058 2.7322 2.9724 3.0530 3.0795
Ti 0.9652 0.9698 0.1445 0.0614 0.0592
Al 1.9754 1.5666 2.0054 1.8290 1.8543
Fe’+ 0.0144
Fe?+ 0.0184 0.0143 0.0162 0.7886 1.9716 2.0978 1.6088
Mn 0.0618 0.1383
Mg 0.0139 0.1080 0.0071 1.6666 0.6906 0.4573 0.5800
Ca 49176 0.3230 0.2378 0.7006
Na 0.0647 0.0922 0.0928
K 0.8179 0.0108
P 2.9824 0.0202
\% 0.0193 0.0131
Total 3.0044 8.0264 1.0058 1.0048 7.7813 8.0249 7.9870 7.9860
Xars 0.1060 0.0811 0.2425
XAmm 0.6471 0.7157 0.5568
Xprp 0.2267 0.1560 0.2007
Xsps 0.0203 0.0472

Atoms per formula unit for individual minerals were calculated on the basis of the following numbers of oxygens: ky (five O);

ap (12.5 O); rt (two O); bt (11 O); grt (12 O).
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Rhodope thrust units near Thessaloniki [24] sig-
nified that the individual P-T paths published
hitherto for the various entities of the structurally
upper unit should, instead, be regarded only as
the final part of their respective exhumation his-
tories.

Fig. 2.

3. Petrography of UHP sedimentary lithologies

UHP sedimentary lithologies were discovered in
the structurally upper unit of the RMP as exem-
plified above, and particularly at its central and
eastern parts (see Fig. 1). They comprise garnet—
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Fig. 2. (A) Photomicrograph of MPQ, pseudomorphic after coesite, included in garnet. Note the radial fracturing of the garnet
host. Amphibolitized eclogite (sample OS-4C); Kimi area. (B) Photomicrograph of microdiamond inclusions in garnet porphyro-
blast. Some of the diamonds show well-developed octahedral crystal faces. Grt—bt—ky gneiss (sample XTH-1); Pilima area. (C) SE
image of octahedral diamond included in potassic white mica. Grt-bt-ky gneiss (sample XTH-1); Pilima area. (D) BSE image of
two superposed octahedral diamonds included in garnet and biotite. Grt-bt-ky gneiss (sample XTH-1); Pilima area. (E) SE im-
age of octahedral diamond included in garnet porphyroblast. Grt—ky—st—chl schist (sample PS-11C); Sidiro area. (F) Photomicro-
graph of quartz rods exsolved from majoritic garnet (orthogonal pattern). Grt-bt-ky gneiss (sample OS-4A); Kimi area. (G) BSE
image of quartz rod exsolved from majoritic garnet. The white spot at the end of the rod is the trace of projection of a rutile
needle oriented orthogonal to the quartz rod. Grt-bt-ky gneiss (sample OS-3); Kimi area. h. Photomicrograph of rutile needles
exsolved from majoritic garnet (orthogonal pattern). Grt-bt-ky gneiss (sample OS-3); Kimi area. (I) Photomicrograph of rutile
needles exsolved from majoritic garnet (triangular pattern). The needles are oriented parallel to the octahedral faces of the host
garnet. Grt-bt-ky gneiss (sample OS-4A); Kimi area. (J) Photomicrograph of apatite exsolved from majoritic garnet. Note the
hexagonal prismatic basal sections. Grt-bt-ky gneiss (sample OS-3); Kimi area.

biotite—kyanite gneisses and garnet-kyanite—stau- quartz. Garnet porphyroblasts are rich in alman-

rolite—chlorite schists. Selected mineral analyses
from the gneisses are listed in Table 1, and a brief
account of the petrography of these rocks is given
below.

The garnet-biotite—kyanite gneisses are com-
posed of garnet and kyanite porphyroblasts set
in a matrix of biotite, muscovite, plagioclase and

dine component and measure, on average, 2-5
mm in diameter. They show exsolutions of quartz,
rutile and apatite, and carry inclusions of biotite,
kyanite, rutile, apatite, quartz, zircon and micro-
diamond (see Section 4 for description of exsolu-
tions and microdiamond). Rutile inclusions in
garnet are of two kinds, needle-like with a bluish
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hue and ordinary brownish prismatic sections.
The needle-like blue rutile inclusions contain a
small but significant amount of SiO,, the impor-
tance of which will be discussed in Section 5. By
contrast, the brown rutile inclusions are devoid of
silica. Apatite inclusions in garnet are hydroxy-
apatites containing a small percentage of MgO
and still less FeO. Kyanite inclusions in garnet
also contain small amounts of Fe,O3; and a little
MgO. Biotite inclusions in garnet display Mg/
(Mg+Fe) ratios comparable to those of biotite
inclusions in garnet from Kokchetav gneisses
[5,25], but are distinctly richer in TiO, and coexist
with garnet of much lower Mg/(Mg+Fe) ratios in
relation to their Kokchetav counterparts. Aggre-
gates of bt ms+pl+ky+qtz enclosed by garnet
and displaying a corroded contact against their
host appear to have been formed by replacement
of pre-existing phengite inclusions plus garnet
wall-rock upon decompression, according to the
reaction: grt+phe = bt+pl+ky+qtz. Garnet por-
phyroblasts also show resorbed edges, being re-
placed either by bt+ky or bt+pl. Kyanite por-
phyroblasts in the gneisses are, on average, 0.5—
I mm long. They are often deformed and contain
inclusions of biotite, rutile, quartz, and rarely gar-
net. Matrix muscovite forms large flakes (1-2 mm
long) characterized by exsolution of numerous,
oriented rutile needles (sagenite), suggesting a
high-Ti, high-7 (HT) white mica precursor (Mas-
sonne, electronic communication to D.K.K., July
2001). Importantly, a phengite inclusion in garnet
from a diamondiferous garnet-zoisite gneiss con-
taining 2.52 wt% TiO;, and associated with peak
or post-peak high-pressure (HP)/HT conditions
has been reported from Kokchetav [25]. Small
pockets in the matrix composed of equigranular
plagioclase and quartz aggregates, unoriented
muscovite and biotite flakes and small kyanite
prisms are interpreted to have crystallized directly
from a melt phase.

The garnet-kyanite-staurolite—chlorite schists
consist of garnet and kyanite porphyroblasts set
in a matrix of garnet, staurolite, chlorite, musco-
vite and quartz. Garnet porphyroblasts (3—5 mm
in diameter) contain inclusions of phlogopite, ky-
anite, quartz, rutile and microdiamond (see Sec-
tion 4). Kyanite porphyroblasts may reach up to

Il cm in length and are commonly replaced by
muscovite and staurolite. Staurolite either rims
resorbed kyanite crystals or grows epitaxially on
them. Relics of resorbed kyanite are commonly
found included in staurolite. Garnet is also re-
placed by staurolite and chlorite. Biotite is present
only as rare inclusions in garnet and is totally
lacking from the rock matrix.

4. UHP indicators

In this section we describe UHP metamorphic
indicator minerals discovered in crustal rocks be-
longing to the structurally upper unit of the RMP
(see Fig. 1 for the localities discussed henceforth).
These include:

l. multicrystalline polygonal quartz [26,27]
(MPQ) aggregates included in garnet (Fig.
2A) from amphibolitized eclogites (Kimi and
Pilima areas),

2. minute carbon cubes and octahedra mainly in-
cluded in garnet porphyroblasts (Fig. 2B-E)
from garnet-biotite-kyanite gneisses (Kimi
and Pilima areas) and garnet-biotite-stauro-
lite—chlorite schists (Sidiro area),

3. rods (or needles) of silica, rutile, and apatite
exsolved inside sodic garnet porphyroblasts
(Fig. 2F-I) in garnet-biotite—kyanite gneisses
(Kimi area).

We have optically identified and subsequently
verified (by electron microprobe (EMP) analy-
ses' [pure SiO,]) MPQ aggregates as inclusions
in garnet porphyroblasts in amphibolitized eclo-
gites from the Pilima and Kimi areas. Strong sub-

! Microprobe analyses were conducted at the Department
of Mineralogy, Petrology and Economic Geology, Aristotle
University, Thessaloniki, Greece, using a Jeol JSM-840A scan-
ning microscope equipped with an EDS Oxford ISIS 300 an-
alytical system. Operating conditions were: accelerating poten-
tial 20 kV, beam current 45 nA and counting time 80 s, with
ZAF correction being provided on-line. Standards used were:
orthoclase (Si, K), jadeite (Na), corundum (Al), wollastonite
(Ca), periclase (Mg), GaP (P), and Fe, Mn, Ti, V, Cr, and Ni
metals.
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Fig. 3. Laser Raman spectrum of octahedral carbon inclusion in garnet. Grt-bt-ky gneiss (sample XTH-1); Pilima area.

radial cracks emanate from the inclusions (see
Fig. 2A). Although MPQ aggregates with radial
fractures should be treated with caution, as they
are not unique to coesite breakdown [27], the
overwhelming evidence for UHP metamorphism
in the area (see below) leaves little doubt that
they were former single coesite crystals. The pres-
ervation of coesite and microdiamond in UHP
metamorphic crustal rocks is confined to rigid
hosts such as garnet, clinopyroxene or kyanite
and depends on various factors, the most impor-
tant of which are the rate of exhumation, grain
size of precursor coesite or diamond, fluid avail-
ability [28] and P-T conditions of superimposed
retrograde metamorphism.

As was the case with pseudomorphs after coes-
ite, diamond in RMP rocks was initially identified
optically and subsequently verified by both EMP
analyses (pure carbon) and in situ laser Raman
microspectroscopy. The diamonds appear as min-
ute (average size ~ 10 um) cubo-octahedral inclu-
sions in garnet porphyroblasts from grt-bt-ky
gneisses of the Kimi, Sidiro and Pilima areas
(Fig. 2B-E). Their mode of occurrence highly re-
sembles that of diamonds in very similar rocks

from the Kokchetav Massif, Kazakhstan [5]
(grt-bt £ ky * cpx gneisses) and from the Saxonian
Erzgebirge, Germany [9] (grt-phe-ky bt
gneisses). Occasionally, the garnets are literally
teeming with microdiamonds (~ 30 per 1.5 cm?),
a feature that has also been observed for the Erz-
gebirge [9] and Kokchetav [29] garnets.

Fig. 3 shows the Raman spectrum obtained for
a carbon octahedron enclosed by porphyroblastic
garnet from a grt-bt-ky gneiss of the Pilima area.
Two intense bands become immediately apparent,
one at 1334 cm™! and the other at 1581 cm™!,
which are diagnostic of diamond [10] and graphite
respectively [30,31]. The typical diamond vibra-
tion band exhibits an asymmetric distribution
with some tailing toward lower frequencies and
an important broadening (ca. 40 cm™') as ex-
pected for nanocrystalline domains [32]. By using
the variation of the F>, mode linewidth with par-
ticle size [33], the size of the crystallites is esti-
mated at ca. 47 A. The graphite band (G line)
displays a shoulder at 1619 cm™!, which is char-
acteristic of disordered, microcrystalline graphite
[34,35]. Also visible in the Raman spectrum of
Fig. 3 are two weak bands at 1188 and 1450,
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and a stronger one at 1537 cm™!. Similar bands
have been observed during transformation of dia-
mond to graphite under non-hydrostatic, contact
compressive stress and have been attributed to a
certain carbon structure [36]. It should be empha-
sized that the presence of new Raman bands is the
most striking evidence of the phase transforma-
tion in diamond [36]. Quantitative evaluation of
the amount of graphite carbon formed is compli-
cated due to the fact that the Raman cross-section
of graphite is approximately 50 times higher than
that of crystalline diamond and hence sp?-bonded
regions dominate the Raman spectra even at small
amounts of sp? carbon [36].

Perhaps the most important of our discoveries
is the identification (by means of optical micros-
copy, EMP analyses and in situ laser Raman mi-
crospectroscopy) of quartz, rutile and apatite ex-
solution rods (or needles) in porphyroblastic
garnet from grt-bt-ky gneisses of the Kimi area.
Similar exsolution textures (i.e. clinopyroxene, ru-
tile, and apatite exsolution rods in garnet) have
been reported only once in the literature [13] for
eclogites — not metapelites — from Yangkou, Su
Lu UHP metamorphic province, China. As is the
case for the rods in the Yangkou eclogitic garnet,
the rods in the Rhodope metapelitic garnet also
occur in groups of parallel rods along crystallo-
graphically controlled planes of the host garnet,
thus displaying an orthogonal (Fig. 2F-H) or
equilateral triangular pattern in cross-section
(Fig. 2I); oriented apatite rods are also observed,
as well as hexagonal basal sections (Fig. 2J). The
volumes of the exsolved minerals are difficult to
assess with accuracy; our estimates are about
4 vol% for quartz, 1 vol% for rutile and 0.9
vol% for apatite. Unfortunately, the very small
thickness of the exsolved rutile needles (usually
no thicker than 0.5 um) did not allow us to de-
termine its chemical composition with confidence
by EMP analysis. The exsolution of quartz, rutile,
and apatite is taken here as indicative of the ex-
istence of a garnet precursor phase richer than
normal in Si, Ti and P, that is, of a ‘majoritic’
garnet [37]. The significance of the presence of
diamond, former coesite, and supersilicic garnet
in Rhodope crustal metamorphic rocks and the
contribution of these phases to evaluating peak

pressures of metamorphism will now be ad-
dressed.

5. Discussion

In the RMP, the presence of MPQ aggregates
as inclusions in porphyroblastic garnet from am-
phibolitized eclogites is attributed to the break-
down of pre-existing coesite and constrains meta-
morphic pressures to a minimum of 2.6-2.9 GPa
at 600-900°C [4]. Moreover, the mere presence of
diamonds in porphyroblastic garnet from metape-
lites dictates metamorphic pressures in excess of
3.1-3.9 GPa at 600-900°C [11] for the host rocks.
Thus, at a first approximation, minimum depths
of 80-140 km for the subduction of the crustal
protoliths of the RMP can be inferred by using
only mineralogical criteria.

An estimate as to the P-T conditions that pre-
vailed during formation of pre-existing supersilicic
garnet in the RMP grt-bt-ky gneisses may be
obtained from experiments on relevant systems
and majorite barometry. We have conducted de-
tailed EMP traverses of the rod-bearing garnet
porphyroblasts and discovered rare, apparently
homogenous domains of ‘majoritic’ composition
rich in Si and Ti, as was expected from the nature
of the exsolved phases, but, importantly, also in
Na (Table 1). Also shown in Table 1 is the com-
position of garnet produced experimentally at
7 GPa and 1100°C on a pelite composition [38].
The match is surprisingly good and suggests sim-
ilar P-T conditions of formation for the Rhodope
‘majoritic’ garnet. This suggestion is further rein-
forced by the results obtained (7.17£0.03 GPa)
by applying the recently calibrated Si-in-majorite
and (Al+Cr)-in-majorite barometers [37]. Addi-
tional support for the proposed extreme pressure
conditions under which the almandine-rich Rho-
dope supersilicic garnet became stabilized is pro-
vided by experimental work on pyroxene—garnet
solid-solution equilibria in both the pyrope—ensta-
tite and almandine—ferrosilite systems at elevated
temperatures and pressures [39]. Reference to Ta-
ble 1 shows that the Rhodope supersilicic garnet
contains ca. 5.3 mol% pyroxene in solid solution,
a value which is in excellent agreement with the
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experimental solubility of ferrosilite in almandine
at 1100°C/7 GPa, having taken into account the
slight shift of the garnet solid-solution solvus to
higher pressures with increasing temperature (ta-
ble V and figure 6 in [39]). Worth mentioning here
also is the observed silica content of the ‘blue’
needle-like rutile inclusions in the supersilicic
Rhodope garnets. SiO, in rutile is indicative of
HT/HP conditions; it actually represents stisho-
vite component in rutile (Massonne, electronic
communication to D.K.K., July 2001). Clearly,
further experimental work is needed in this direc-
tion to amplify the significance of a potential Si-
in-rutile thermobarometer for UHP metamorphic
rocks.

Taken collectively, the above pieces of evidence
conclusively demonstrate the subduction of the
RMP to depths of the order of 220 km and estab-
lish the province as one of the most important
UHP metamorphic belts in the world.
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