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Abstract Ion microprobe (SHRIMP) dating was carried
out on different zircon domains from metamorphic
rocks of the HP-HT terrane of central Rhodope,
northern Greece, to constrain the timing of prograde
and retrograde stages within a single tectono-metamor-
phic cycle. A well determined P-T-t(relative) path for the
metamorphic rocks of this terrane was used as a petro-
logical basis for the geochronological investigations. Ton
microprobe work was assisted by cathodoluminescence
(CL) images of the zircon crystals. The geochronological
results revealed that Hercynian continental crust was
subducted during the Eocene. Several stages of the Eo-
cene tectono-metamorphic cycle — including both the
prograde and retrograde parts of the P-T path above ca
300 °C, 0.3 GPa — were dated using zircons from the
following rock types: (1) A deformed quartz vein prob-
ably formed at ca 300 °C, 0.3 GPa. Zircons in this vein
precipitated from a hydrothermal fluid; they yielded an
age of 45.3 £ 0.9 Ma which corresponds to the time of
a low-T prograde stage of metamorphism. (2) In kyanite
eclogites, zircons were entirely reset during eclogite-fa-
cies metamorphism. Resetting was very probably
enhanced by the presence of fluids derived by H,O lib-
erating reactions close to the P-peak. They yielded an
age of 42.2 + 0.9 Ma. (3) Orthogneisses surrounding
the kyanite eclogites contained zircons with magmatic
oscillatory zoned cores, which yielded Hercynian ages of
294 + § Ma (age of granitic protolith formation),
whereas CL-bright, metamorphic rims yielded, like the
eclogite zircons, ages of 42.0 = 1.1 Ma. Therefore, both
the eclogites and orthogneisses are interpreted to have
approached maximum depth at around 42 Ma. (4) In a
leucosome of a migmatized orthogneiss, oscillatory
zoned zircons yielded an age of 40.0 = 1.0 Ma. At this
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time the rocks reached maximum temperatures during
early decompression. (5) A late pegmatite crosscutting
the schistosity of amphibolites contained oscillatory
zoned zircons that yielded a crystallization age of
36.1 = 1.2 Ma. Thus, the whole tectono-metamorphic
cycle above ca 300°C, 0.3 GPa lasted from
453 + 0.9 Ma to 36.1 + 1.2 Ma, that is 9.2 Ma with
an extreme error value of 2.1 Ma. Based on combined
SHRIMP and petrological data, the average rates of
heating and burial during subduction (above ca 300 °C,
0.3 GPa) are >94 °C/Ma and > 15 mm/a, respectively.
Rates of cooling and exhumation (also above 300 °C,
0.3 GPa) are calculated to be >128°C/Ma and
>7.7 mm/a. The Eocene age of metamorphism in cen-
tral Rhodope implies that the terrane of, at least, central
Rhodope and the Cyclades very probably was part of
the same continental crust.

Introduction

Constraining the pressure-temperature-time (P-7-¢) path
of a metamorphic terrane is very important for geody-
namic interpretations. This is especially true for HP
terranes where the prograde and retrograde history are
relevant to understanding the processes of subduction to
great depths and the subsequent exhumation (i.e., burial
and exhumation rates, heating and cooling rates, heat
and mass transfer). Construction of P-T-t paths is
commonly based on the relative time of the metamor-
phic episodes that have affected a certain geological unit.
Determination of the absolute time of the metamorphic
stages is, however, much more relevant since this allows
us to infer the absolute rates of tectono-metamorphic
processes. Rates of mass and heat transfer can then be
deduced. Such calculations have already been performed
so far in several geological units worldwide but generally
refer only to a part of the metamorphic evolution,
namely the post-peak exhumation history of the rocks.

In an attempt to date low-T prograde metamorphism,
in addition to other stages, within a single tectono-



metamorphic cycle, we selected the HP-HT terrane of
Rhodope, northern Greece. Here, a well constrained and
quite precisely determined P-T-1(.;) path has been pro-
posed by Liati and Seidel (1996), which can be used as a
petrological basis for the geochronological investiga-
tions. In order to date the prograde metamorphic stage
at low temperatures, we separated hydrothermally
formed zircons from a synmetamorphic, deformed
quartz vein intercalated within paragneisses. Quartz
veins of this type form at the early stages of subduction,
during incipient metamorphism and associated fluid
liberation as the result of dehydration reactions (e.g.,
Manning 1996; Jamtveit and Yardley 1997; Yardley
1997). To date the peak of metamorphism, we used
zircons from two kyanite eclogites and one surrounding
orthogneiss, as well as from a leucosome of a migmati-
zed orthogneiss. For the late, low-T, retrograde stage of
the P-T-t path, we dated an undeformed pegmatite
crosscutting the schistosity of the metamorphic rocks.
Based on the obtained ages, we calculated heating and
cooling rates, as well as burial and exhumation rates
from the early stages of subduction (ca 300 °C,
0.3 GPa), through the peak of metamorphism to late
exhumation stages (ca 300 °C, 0.3 GPa).

Because of the complicated formation history of the
rocks, zircon crystals usually show complex growth
patterns and crystal shapes in cathodoluminescence
(CL). This reflects involvement of different mineralogi-
cal, geochemical and geological processes and therefore
ion microprobe dating had to be applied. The SHRIMP
dating was assisted by CL imaging of the zircon crystals
dated. The CL images allowed us, for instance, to dis-
tinguish clearly magmatic from metamorphic zircon
domains and therefore avoid mixing of ages. Moreover,
as is shown below, CL images combined with petro-
logical information led to important conclusions re-
garding the origin of the zircon domains and the
evolutionary history of the rocks.

Overview and geological setting of the HP-terrane
of the Rhodope zone

The Rhodope zone occupies most of northeastern
Greece and southern Bulgaria. It is situated between the
Balkan belt to the north and the Dinarides—Hellenides to
the south—southwest (Fig. 1). The Balkan belt is a north
to northeast vergent thrust belt bounded by the Moesian
platform to the north. The Dinarides and Hellenides
constitute a predominantly southwest vergent Alpine
thrust belt running parallel to the Adriatic coast and the
Ionian coast, in a NW-SE direction.

The Rhodope zone is bounded to the west by the
Serbomacedonian Massif, a structurally complex do-
main of predominantly high-grade metamorphic rocks
and numerous post-metamorphic granitoids. Radio-
metric data from the Serbomacedonian Massif (K-Ar
and Rb-Sr data on white mica, biotite and hornblende of
metamorphic rocks) widely scatter between Hercynian
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and Alpine ages (Borsi et al. 1965; Harre et al. 1968;
Papadopoulos and Kilias 1985). The influence of an
Alpine metamorphic event is obvious. The Serbomace-
donian Massif is separated from the Rhodope zone by a
tectonic contact considered originally as a west-dipping
thrust fault of Tertiary age (Kockel and Walther 1965)
but reinterpreted recently as a low-angle normal fault
formed during middle Miocene to late Pliocene exten-
sion (Dinter and Royden 1993). These two geotectonic
elements, the Rhodope zone and the Serbomacedonian
Massif, lie to the east of the Vardar zone, commonly
interpreted as a late Mesozoic to Eocene oceanic suture
between Apulia and the southeastern European margin.
Burg et al. (1995) suggest that the Serbomacedonian
Massif and the Rhodope zone should be considered as a
“single major element of the Tethyan orogenic system™.

The Rhodope zone consists mainly of rocks of both
sedimentary and magmatic origin affected by a high-
pressure (eclogite-facies) metamorphism followed by
amphibolite-facies and, at least partly, an earlier gran-
ulite-facies overprint. Abundant post-metamorphic
plutonic and volcanic rocks of Oligocene age crosscut
and overly the metamorphic rocks. Distinct tectonic
units separated by thrust zones have been recognized in
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Fig. 1 Sketch map of major tectonic elements in southeastern Europe
and northeastern Mediterranean region (from Burchfiel 1980 and
Dinter et al. 1995)
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the Rhodope: Papanikolaou and Panagopoulos (1981)
subdivided the western and central Rhodope zone into
an upper unit (Sidironero unit) and a lower unit
(Pangaeo unit) separated by an approximately SSE—
NNW striking thrust plane. A lower and an upper tec-
tonic unit were recognized also on the basis of abrupt
changes of metamorphic grade (referring to the post
eclogite-facies overprinting metamorphism), in closely
lying rocks (Mposkos 1989). They roughly coincide with
the two units suggested by Papanikolaou and Pan-
agopoulos. The lower unit is characterized by meta-
morphic conditions of upper greenschist to lower
amphibolite-facies whereas the upper unit is character-
ized by medium to upper amphibolite-facies (and, at
least partly, granulite-facies). Burg et al. (1996) also
recognized an upper and a lower terrane in the Rhodope

Fig. 2 Generalized geological map of the studied area in central
Rhodope, based on a provisional draft by S. Zachos and E. Dimadis
(Institute of Geology and Mineral Exploration, Athens). The sample
locations for SHRIMP dating are given. In the inset map, the upper
tectonic unit (light gray) and lower tectonic unit (dark gray) in the
Greek part of the Rhodope zone are shown. Sample locations: /
crosscutting pegmatite (RHO12), 2 quartz vein (RHO30), 3 kyanite
eclogites (RHOI1, RHO3) and orthogneiss (RHO2), 4 leucosome
(RHO32)

zone that represent the crystalline footwall and hanging
wall of a crustal scale duplex. Several intermediate ter-
ranes (thrust units) are stacked between the upper and
lower terrane.

In the study area (Fig. 2), which is considered to
belong to the upper tectonic unit (in the sense of
Mposkos 1989) or to the intermediate terranes (in the
sense of Burg et al. 1996), the crystalline basement in-
cludes, in order of decreasing abundance, ortho- and
paragneisses (migmatized in places), amphibolites
(commonly with eclogite relics), marbles, ultramafic and
calc-silicate rocks. Metamorphic conditions are
P > 19 GPa, T > 700 °C, for the eclogite-facies stage
of metamorphism, 7" > 800 °C at P > 1.5 GPa for the
granulite-facies overprint and P = 0.8-1.1 GPa,
T = 580-690 °C for the amphibolite-facies overprint
(Liati and Seidel 1996) (Fig. 9).

Previous geochronological studies on metamorphic
rocks of both the Greek and the Bulgarian part of cen-
tral Rhodope yielded widely scattered and relatively
inconclusive data that do, however, indicate an Eocene
age for the cooling stages of an Alpine metamorphic
event. The K-Ar dating of metamorphic minerals
(hornblende, biotite, muscovite) yielded Eocene ages
between 36 and 50 Ma, as well as some much older ages,
up to 95 Ma, which indicate the presence of excess Ar
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(Liati 1986; Liati and Kreuzer 1990). The 36-50 Ma ages
were interpreted by the above authors to reflect an Eo-
cene amphibolite-facies metamorphic event. The
youngest dates in this range of 36-50 Ma should be the
closest to a geologically meaningful cooling age, as is
usually the case with K-Ar mineral ages in HP terranes
(e.g., Kelley et al. 1994). A U-Pb monazite age of ca
55 Ma, interpreted as a peak metamorphic age, is re-
ported from a migmatitic gneiss of central Rhodope
(Jones et al. 1994). The U-Pb conventional multigrain
zircon data ranging from 49 to 58 Ma (outside analytical
error limits) are reported from ““‘migmatic pegmatites’™ of
the Bulgarian part of central Rhodope (Arnaudov et al.
1990). Hercynian ages for pre-metamorphic magmatism,
are also reported, based on U-Pb conventional zircon
dating of an orthogneiss from Thassos island
(357 £ 20 Ma; Wawrzenitz 1997), as well as from some
metagranitoids (310 £ 5.5 Ma, 319 £ 9 Ma and
305 £ 52 Ma) of the Bulgarian Rhodope zone
(Peytcheva and von Quadt 1995).

Field relations and petrography of the dated rocks

Five rock types were chosen for SHRIMP dating of zircon, which
were collected in central Rhodope, between Xanthi and Thermes
(Fig. 2): (1) an early, deformed quartz vein; (2) kyanite eclogites;
(3) leucocratic orthogneiss country rock of the kyanite eclogites; (4)
a leucosome from a migmatized orthogneiss; (5) a late, crosscutting
pegmatite.

Early, deformed quartz vein

This quartz vein (sample RHO30) is ca 15 cm thick and occurs in
paragneisses, in the area of Sminthi (Fig. 2). It lies parallel to the
schistosity plane of the paragneisses and is deformed and meta-
morphosed together with them. Intercalations of calc-silicate rocks
occur within the paragneisses.

Under the microscope, quartz grains are elongated and stret-
ched and show sutured boundaries, which indicates intense defor-
mation. Centimeter-thick pockets, found locally in the quartz vein
contain  the mineral assemblage quartz + clinopyrox-
ene + amphibole + titanite + plagioclase + calcite. The miner-
al assemblage of these “pockets” formed during the amphibolite-
facies stage of metamorphism. Calcite is secondary and probably
formed at even later stages.

Kyanite eclogites

The eclogites studied occur in the area of Thermes (Fig. 2). They
form 3-7 m large lenses within the leucocratic orthogneisses. They
are overprinted to variable degrees, showing granulite-facies and
amphibolite-facies assemblages (Liati and Seidel 1996). Zircons
from two eclogite samples (RHO1 and RHO3) from two different
lenses were dated.

The eclogites are greenish and commonly contain abundant
kyanite and medium- to coarse-grained garnet, up to 2 cm across,
typically surrounded by a millimeter-thick black rim of amphibole
+ plagioclase. The eclogite-facies assemblage is garnet +ompha-
cite + kyanite + zoisite + phengite + rutile £ quartz. Minerals that
formed within the granulite-facies are corundum, sapphirine, Fe-
Mg-spinel and possibly also hogbomite. Various symplectites
formed after the granulite-facies overprint in the course of exhu-
mation: (1) clinopyroxene + plagioclase which predominate in the
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rock matrix, (2) spinel + plagioclase, (3) corundum + plagioclase,
(4) biotite + plagioclase, and (5) amphibole + plagioclase (kely-
phites). Finally, diablastic amphibole and plagioclase formed
within the amphibolite-facies.

Leucocratic orthogneiss country rock of the kyanite eclogites

This rock is medium grained and consists of quartz, plagioclase,
K-feldspar and, in lesser proportions, biotite and some green
amphibole. No thermobarometric data can be derived from the
mineral assemblage of the rock. Critical HP minerals have, as yet,
not been found. However, the frequent and concordant alterna-
tions of all rock types with metabasic rocks containing eclogite
relics indicates that the whole sequence has probably undergone the
same metamorphic evolution (see also Liati 1986). The leucocratic
orthogneiss (sample RHO?2) is in direct contact with one of the
dated eclogite lenses (sample RHO1).

Leucosome from a migmatized orthogneiss

This folded, ca 7 cm thick leucosome formed within a migmatized
orthogneiss in the area of Thermes (sample RHO32). It consists
mainly of K-feldspar, plagioclase and quartz with minor biotite.
Accessories are orthite and titanite. Embayed to lobate crystal
boundaries of quartz, as well as undulatory extinction show that
the rock was deformed and incompletely recrystallized.

Late crosscutting pegmatite

This late undeformed pegmatite, which crosscuts the amphibolites,
comes from the area south of Sminthi (sample RHOI12). It is
genetically related to the late stages of metamorphism. It consists of
plagioclase, quartz and some K-feldspar, as well as subordinate
amphibole, chlorite and titanite. Under the microscope, it shows no
signs of deformation.

Analytical procedures

SHRIMP II

Most of the data listed here were obtained on SHRIMP 11, at the
Australian National University in Canberra. Part of the analyses
were carried out on SHRIMP II at the Geological Survey of
Canada in Ottawa. Depending on the size of the distinct types of
zircon domains, spot sizes between about 8-20 microns were cho-
sen. For data collection, seven scans through the critical mass range
were made (Compston et al. 1992).

Cathodoluminescence (CL)

All CL secondary electron (SE) pictures were produced from a split
screen on a CamScan CS 4 scanning electron microscope (SEM) at
ETH in Zirich operating at 15 kV (Gebauer 1996). The same
sample mount was used later for both the CL-SE studies and
SHRIMP dating. The SEM is equipped with an ellipsoidal mirror
that is located close to the sample within the vacuum chamber and
can be adjusted by electro-motors. The sample can thus be located
in one focal point while the second focal point lies outside the
sample chamber. Here, the CL light enters a highly sensitive photo
multiplier through a quartz glass — vacuum window and a light
channel. The signal of the photo multiplier is then used to produce
the CL picture via a video-amplifier. The SE pictures were pro-
duced simultaneously together with the CL pictures using a dif-
ferent detector. In general, strong CL means high amounts of
minor and trace elements, weak CL means low amounts of minor
and trace elements, including U. Thus, the relative U contents can
qualitatively be predicted via CL.
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Data evaluation

For the calculation of the Pb/U ratios, the data were corrected for
common Pb using the 2°’Pb correction method. Since this correc-
tion is based on the assumption of concordance, the data are
graphically presented not on a Concordia but on a Tera-Wasser-
burg (TW) diagram.

The amount of common Pb was calculated using the isotope
composition of common Pb obtained from both the model of
Cumming and Richards (1975) and using the Broken Hill common
Pb com})osition. With the exception of samples with very low
206pp/29%pPh ratios, the resulting ages were analytically indistin-
guishable. However, the Cumming and Richards model was chosen
here, since most analyzed spots plot in the TW diagram along a
mixing line closer to  this  isotopic  composition
(37Pb/**Pb = 0.835, for Alpine ages). The individual data points
are plotted with 2 errors.

The mean ages were calculated both as normal mean and
weighted mean. Although in both cases the resulting ages are al-
most identical, the weighted mean is preferred here because it is
more representative of the analytically best measurements. Mean
ages are given at the 95% confidence level. For single analyses
(Table 1), the 1o error is given.

CL patterns and morphology of zircons

The early deformed quartz vein within the paragneisses
contains hydrothermally formed zircons, as well as de-
trital zircons derived from the country rock. The hy-
drothermal zircons were chosen for dating. They are
generally elongated (length/width: 5:1) and show oscil-
latory euhedral growth zoning (Fig. 3). In some cases,
narrow CL-bright rims are observed around the oscil-
latory hydrothermal domains (Fig. 3C, D). As discussed
below, this reflects resetting of the U-Pb zircon system at
the T-peak.

In the kyanite eclogites, the zircons are generally
prismatic and euhedral, as typically observed for crys-
tals precipitated from a melt (Fig. 4). Their relatively
large size indicates that the protolith of the eclogites is
very probably of gabbroic origin, since such co-mag-
matic zircons cannot grow from the rapidly cooling
basaltic melts. Atypical for eclogite zircons derived
from intrusive protoliths are their CL characteristics.
The oscillatory, euhedral growth zoning usually ob-
served in zircons of gabbroic rocks can only rarely and
then only very faintly be observed. Instead, there are
relatively large areas with homogeneous CL intensities
and some faded fir tree and sector zoning patterns. The
U contents and especially Th contents are generally
very low resulting in very low Th/U ratios (0.006-0.029;
Table 1).

Interaction of fluids with the recrystallizing zircons in
the course of metamorphism may best explain these
unusual observations, that is fading and disappearance
of oscillatory zoning, very low U contents and Th/U
ratios, as well as predominantly completely reset ages
(see below, section 7.2). Fluids were present in these
rocks during both prograde metamorphism close to the
P-peak (eclogite-facies), as well as during decompression
related metamorphic overprinting.

In the orthogneiss country rock of the kyanite eclo-
gites, prismatic, euhedral zircon grains are observed. In
their central parts they exhibit oscillatory zoning, typical
for zircons precipitated from a granitic melt (Fig. 5). As
usually observed for gneisses that exceed amphibolite-
facies metamorphic conditions, the magmatic zircons
started to recrystallize at their rims. As a result, oscil-
latory zoning fades progressively until, in CL, an almost
homogeneous looking, bright rim is observed around the
magmatic core. The outer limits of these metamorphic
zircon domains are identical to those of the previous
fully magmatic, euhedral zircons. The inner boundary to
the oscillatory, magmatic zircon cores is irregular.
Commonly, intermediate stages with ghost zoning are
preserved. Identical outer limits of the zircon rims to
those of the magmatic domain, as well as progressive
fading of oscillatory zoning argues against new growth
of zircon during metamorphism. The formation of zir-
con 5B shows some peculiarities discussed below, in
combination with the SHRIMP results.

The leucosome of a migmatized orthogneiss contains
zircons identical to those of the enclosing orthogneiss
described above, but also contains euhedral fully oscil-
latory zoned zircons without CL-bright rims (compare
Figs. 5 and 6). The latter obviously crystallized from the
partial melt that formed by decompressional melting of
the orthogneiss and gave rise to the leucosome.

The zircons of the crosscutting pegmatite have shape
and CL characteristics similar to those commonly ob-
served in such rocks. The originally euhedral crystals are
externally corroded and internally altered (Fig. 7). The
domains of the zircon crystals analyzed contain between
ca 2000 and 7000 ppm U (see below).

Results of SHRIMP dating and interpretation

The ion microprobe data for the analyzed zircons are
given in Table 1 and plotted on Tera-Wasserburg dia-
grams for each rock type (Fig. 8). The weighted mean
ages and the errors (given at the 95% confidence level)
are summarized in Table 2.

Early deformed quartz vein

Eight data points were obtained from the hydrother-
mally formed, oscillatory domains of the zircon crystals.
On a TW diagram they plot on a mixing line with
common Pb and radiogenic ***U/?°°Pb as end members
(Fig. 8A) and yield a weighted mean age of
45.3 £ 0.9 Ma. Based on their form and CL charac-
teristics (see above), the zircon crystals must have pre-
cipitated from a fluid, in this case an early hydrothermal
fluid. This hydrothermal fluid is responsible for the
formation of the quartz vein, at low or very low grade
conditions. The age of 45.3 + 0.9 Ma is interpreted to
reflect the time of formation of the quartz vein. As dis-
cussed below, these veins have indeed formed signifi-
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Table 1 U, Th, Pb SHRIMP data for zircons from metamorphic rocks of central Rhodope (for samples in italics see text)

Sample U Th Th/U Radiogenic f°Pb 2°’Pb/?°°Pb (16) 2*U/*°Pb (1) 2°°Pb/*®U (1) Age (Ma)
(ppm) (ppm) Pb (ppm) (%) (uncorrected) (uncorrected) 208pp 2387 (16)
Prograde quartz vein
RHO30-2.1 647 2.69 0.004 3 14.7 0.1626 + 0.0064 1279 £ 2.7 0.0067 + 0.0002 429 £ 1.0
RHO30-3.2 548 3.01 0.005 4 44 0.0884 + 0.0056 126.0 £ 6.5 0.0076 £+ 0.0002 48.3 + 1.2
RHO30-3.3 465 2.12 0.005 3 10.5 0.1456 + 0.0113 1233 £ 5.8 0.0073 £+ 0.0002 45.6 + 1.1
RHO30-4.1 188 1.27 0.007 1 6.0 0.1029 + 0.0112 1289 + 8.5 0.0073 £+ 0.0002 46.3 £ 1.5
RHO30-6.1 612 4.02 0.007 4 2.7 0.0685 £ 0.0055 1358 + 6.2 0.0072 £ 0.0002 46.0 + 1.1
RHO30-6.2 781 509 0.007 S 3.5 0.0749 £ 0.0034 137.2 £ 6.3 0.0070 + 0.0002 452 £ 1.1
RHO30-6.3 772 557 0.007 6 5.6 0.0910 £ 0.0049 136.8 £ 5.9 0.0069 £+ 0.0002 44.4 + 1.0
RHO30-7.1 402 1.90 0.005 3 6.7 0.0998 £+ 0.0070 132.6 £ 6.2 0.0058 £+ 0.0005 452 = 1.1
RHO30-3.1 327 095 0.003 I3 62.1 0.5367 + 0.0266  62.2 + 2.1 0.0077 £ 0.0005 39.2 = 3.7
RHO30-2.2 310 0.53 0.002 2 8.3 0.1249 £ 0.0188 156.5 £ 14.2 0.0059 £ 0.0003 37.0 £ 1.7
RHO30-2.3 334 048 0.001 2 222 0.2556 + 0.0287 131.0 = 11.5 0.0059 +£0.0003 36.1 = 1.7
Eclogites
RHO1-6.1 59 .72 0.029 <1 10.6 0.1416 + 0.0122 1319 + 7.1 0.0068 £+ 0.0004 43.5 £ 2.5
RHO1-6.2 64 1.56  0.024 <1 4.9 0.0971 £ 0.0050 149.8 + 3.4 0.0064 + 0.0002 40.8 £ 1.0
RHO1-9.1 65 .10 0.017 <1 22.1 0.2310 £ 0.0109 1194 + 49 0.0065 £ 0.0003 419 + 1.9
RHO1-9.2 56 042 0.007 <1 <1 0.0579 £ 0.0046 158.3 + 4.6 0.0063 £+ 0.0002 40.7 £ 1.2
RHO1-9.3 66 0.38 0.006 <1 <1 0.0636 £ 0.0056 151.6 £ 4.0 0.0066 £ 0.0002 42.2 + 1.1
RHOI1-9.4 72 0.58 0.008 <1 1.2 0.0687 + 0.0046 149.7 £ 3.9 0.0066 = 0.0002 42.4 + 1.1
RHO1-7.1 57 0.52 0.009 1 439 0.3998 + 0.0168 80.56 + 2.3 0.0070 £ 0.0003 44.8 + 2.1
RHOI1-7.2 59 1.35 0.023 <1 1.16 0.0681 + 0.0043 150.5 + 5.2 0.0066 £ 0.0002 42.2+ 1.5
RHOL1-4.1 52 048 0.009 <1 <1 0.0545 £ 0.0048 1469 + 3.7 0.0069 £+ 0.0002 44.0 = 1.2
RHOI-10.1 25 948 0.386 1 <1 0.4585 + 0.0307 63.0 = 3.3 0.0077 £ 0.0008 49.5 + 4.8
RHOI-10.2 237 136 0.574 4 <1 0.0748 + 0.0030 81.2 £ 1.6 0.0121 £ 0.0003 774 + 4.8
RHO3-5.1 33 080 0.024 <1 <1 0.0524 £ 0.0059 152.1 £+ 4.6 0.0066 = 0.0002 42.6 £ 1.3
Orthogneiss
(Alpine zircon domains)
RHO2-1.2 530 3.24  0.006 3 23 0.0769 £+ 0.0043 1473 £ 7.6 0.0066 = 0.0002 42.6 £+ 1.1
RHO2-2.1 413 1.48 0.004 2 43 0.0926 + 0.0064 1464 + 7.9 0.0065 £+ 0.0002 42.0 + 1.2
RHO2-5.1 39 0.01 0.002 <1 17.1 0.1917 £ 0.0258 134.0 £ 17.8 0.0062 £+ 0.0004 39.8 + 2.8
RHO2-6.1 1409 8.75 0.006 9 <1 0.0608 £+ 0.0028 1519 + 6.8 0.0066 £+ 0.0002 42.2 + 0.9
RHO2-6.2 2402 12.45 0.005 15 <1 0.0549 + 0.0015 152.0 £ 6.8 0.0066 + 0.0002 42.5 + 1.0
RHO2-6.3 411 2.17  0.005 2 5.7 0.1030 + 0.0109 148.1 = 9.9 0.0064 + 0.0002 409 + 1.4
RHO2-8.1 37 0.24 0.007 <1 37.0 0.3463 £ 0.0342 100.7 £ 9.4 0.0063 £ 0.0004 40.2 + 2.3
RHO2-13.1 35 0.23 0.007 <1 38.1 0.3552 £+ 0.0337 101.2 = 9.0 0.0061 £+ 0.0004 39.3 £ 2.2
(Hercynian zircon domains)
RHO2-5.2 294 100 0.341 14 <1 0.0633 £ 0.0024 223 + 1.1 0.0446 + 0.0011 281 + 7
RHO2-5.3 626 168 0.269 30 <1 0.0561 £ 0.0011  21.0 = 0.9 0.0478 + 0.0011 301 = 7
RHO2-13.3 2534 618 0.244 115 <1 0.0543 £ 0.0006 22.1 £ 1.0 0.0456 £ 0.0011 288 + 7
RHO2-10.1 1030 651 0.631 53 <1 0.0560 + 0.0010 21.2 £ 0.9 0.0474 £ 0.0010 298 + 6
RHO2-10.2 475 77 0.162 22 <1 0.0585 £+ 0.0020 20.8 = 1.0 0.0482 + 0.0011 303 + 7
Leucosome in migmatized orthogneiss
RHO32-2.1 1551 6.9  0.004 9 24 0.0661 £ 0.0029 1584 + 6.0 0.0062 £+ 0.0001 39.6 + 0.8
RHO32-3.1 1987 59 0.003 11 1.5 0.0590 £ 0.0024 159.2 £ 5.7 0.0062 £ 0.0001 39.7 + 0.7
RHO32-5.1 1447 6.9  0.005 8 2.1 0.0635 £ 0.0039 1556 + 5.4 0.0063 £+ 0.0001 40.4 £+ 0.7
RHO32-10.1 2031 6.9 0.0034 11 1.6 0.0595 £ 0.0030 1574 + 5.6 0.0062 £+ 0.0001 40.2 £ 0.7
Crosscutting pegmatite
RHOI12-1.1 163 21 0.127 1 8.6 0.1150 £ 0.0171 168.8 + 11.5 0.0054 £+ 0.0002 34.8 £ 1.3
RHO12-3.1 504 14 0.028 3 2.6 0.0675 £ 0.0104 169.7 £ 9.6 0.0057 £+ 0.0002 36.9 + 1.1
RHOI12-3.2 744 17 0.023 4 20.5 0.2087 £+ 0.0138 1429 + 8.4 0.0056 £ 0.0002 35.8 + 1.1
RHOI12-6.1 1862 138 0.074 10 1.2 0.0561 £+ 0.0030 172.3 £ 6.9 0.0057 £+ 0.0001 36.9 £ 0.7
RHO12-7.1 1460 51 0.035 7 7.1 0.1025 £ 0.0109 170.8 £ 11.2 0.0054 + 0.0002 35.0 £ 1.1
RHO12-4.1 2066 63 0.030 14 <1 0.0501 £+ 0.0008 139.2 £ 2.3 0.0073 £+ 0.0001 46.0 + 0.8
RHOI2-6.2 2763 188 0.068 16 <1 0.0519 £+ 0.0012 158.6 = 1.8 0.0063 £+ 0.0001 40.3 £+ 0.5
RHOI12-6.3 2347 119 0.051 14 <1 0.0486 + 0.0011 157.1 £ 2.0 0.0063 £ 0.0001 40.8 + 0.5
RHO12-7.2 7081 335 0.047 42 1.7 0.0605 £+ 0.0011 1503 £ 7.1 0.0065 £+ 0.0003 42.0 £ 2.0

cantly earlier than both the P- and T-peak of meta-
morphism (see Fig. 9, P-T-t path). The PT conditions of
formation of this early deformed quartz vein are un-
certain. However, ca 250-300 °C, 0.3 GPa can be con-
sidered as the most likely conditions, as most quartz
veins form during prograde metamorphism at this range
of PT (e.g., McNamara 1965), as a consequence of de-

hydration reactions in siliceous metasediments and dis-
solution of quartz in the aqueous fluid (e.g., Manning
1996). In any case, as is discussed below (section 9) even
if the quartz vein formed at higher PT, this has a neg-
ligible effect on calculated burial and heating rates.
Three spots on the bright narrow rims around the
oscillatory domain of two zircon crystals from this
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Fig. 3A-D Cathodoluminescence (CL) pictures (on the leff) and Kyanite eclogites
secondary electron (SE) pictures (on the right) of zircon crystals from

the early deformed quartz vein: A zircon RHO30-6; B zircon RHO30- : : : :
7; C zircon RHO30-2; D zircon RHO30-3. Note oscillatory, euhedral Ten data points were obtained from the ecloglte Zireons

growth zoning, typical for crystals precipitated from a melt or a fluid and yiel_de a weighted mean age of 422 i 0.9 Ma. On
(here hydrothermal fluid). Note also narrow bright rims in C and D a TW diagram, they all plot on a mixing line (Fig. §B).
No protolith age could be identified since almost no
original magmatic domains are preserved. However,

quartz vein (Fig. 3C, D; samples in italics of Table 1) lie  some domains were found that exhibit higher U contents
on a mixing line (Fig. 8A) with a lower intercept age of

36.8 &+ 5.0 Ma. The large error of 5 Ma is mainly due to . '
the small number of analyses (three). This young age Fig. 4A, B CL pictures (on the /eff) and SE pictures (on the right) of

. . ~ . zircon crystals from the kyanite eclogites: A zircon RHO1-9; B zircon
obviously reflects resetting of the U-Pb zircon system RHOI1-10. Oscillatory and euhedral growth zoning can faintly be

during a subsequent stage of metamprphism of the  gpserved. Note that the analyzed points in B lie partly within an older
quartz vein at peak temperature conditions (see below). core (darker)

41.94+1.9 Ma b

N o, TGS
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Fig. 5A, B CL pictures (on the /left) and SE pictures (on the right) of
zircon crystals from the orthogneisses containing eclogite boudins: A
zircon RHO2-5; B zircon RHO2-6. In A zircon shows a Hercynian
oscillatory zoned magmatic core and an Eocene, homogeneous
looking, bright, metamorphic rim. In B Eocene ages from all over
the crystal indicate that the whole zircon grain formed intergranularly
during incipient partial melting or complete Pb loss from the
Hercynian zircon during metamorphism

up to 237 ppm, higher Th/U ratios up to 0.57, as well as
gre-metamorphic Pb components resulting in apparent
%pp/238U ages of 49.5 Ma and 77.4 Ma (e.g., Fig. 4B;
samples in italics of Table 1, not included in the age
calculation). The highest age (77.4 Ma) must therefore
be considered as the minimum age of the gabbroic
protolith of the eclogites near Thermes.

As mentioned above, the shape of the zircons and
their rather homogeneous CL patterns indicates that
metamorphic fluids, liberated close to the P-peak (see
below) interacted with the crystal lattice of the recrys-
tallizing zircon. For the majority of the analyzed spots
radiogenic Pb was leached, thus resetting the primary
magmatic zircon ages. Besides radiogenic Pb, Th and U
were also partly removed from these zircons. This im-
poverishment of the zircon in mainly Th, but also U and
probably other trace elements, is reflected in its CL
characteristics (fading of oscillatory zoning and a nearly
homogeneous appearance). Leaching of Pb, Th and
sometimes also U in a fluid rich environment with (or
even without) fading of oscillatory zoning has been re-
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ported before (e.g., Vavra et al. 1996; Gebauer 1996;
Gebauer et al. 1997). This is a different process com-
pared to the one that operates in the early deformed
quartz vein, where fluids were also involved, but at much
lower temperatures. In the case of the quartz vein,
completely new zircon crystals first precipitate from a
hydrothermal fluid and, as is usually the case with zircon
crystals precipitated from a melt or aqueous fluid, ex-
hibit oscillatory zoning.

The 42.2 + 0.9 Ma age should therefore date the
time of the metamorphic reaction(s) that led to fluid
generation, interaction with existing magmatic zircon
and complete resetting of primary (protolith) ages. Two
possibilities are envisaged in this respect: (1) The react-
ing fluids are related to the H,O-producing reactions
during advanced stages of prograde metamorphism.
Such reactions, which definitely occurred in the eclo-
gites, are the breakdown reaction of zoisite (zoi-
site = grossular + kyanite + quartz + H,O) and the
breakdown  reaction of  paragonite (parago-
nite = jadeite + kyanite + H,O). The latter is the last
prograde H,O-liberating reaction and took place at

Fig. 6A, B CL pictures (on the /eft) and SE pictures (on the right) of
zircon crystals from the leucosome of a migmatized orthogneiss: A
zircon RHO32-2; B zircon RHO32-3. Note oscillatory zoning and
planar crystal faces, features typical for zircons precipitated from melt
or a fluid (here partial melt). Note also the absence of bright rims
(compare with orthogneiss zircons of Fig. 5)
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Fig. 7A, B CL pictures (on the /eft) and SE pictures (on the right) of
zircon crystals from the crosscutting pegmatite: A zircon RHO12-1; B
zircon RHO12-3. Note external corrosion and internal alteration, CL
characteristics typically observed in zircons of such rocks

minimum P7T conditions of 1.9 GPa, 700 °C (Liati and
Seidel 1996). These are probably close to the peak con-
ditions of the eclogite-facies metamorphism. The zircon
ages would then reflect a prograde stage of metamor-
phism which would closely approximate the time of peak
pressures. (2) The reacting fluids are related to H,O-
liberating reactions related to the decompression stage,
during the granulite-facies metamorphic overprint, close
to the T-peak (e.g., breakdown of phengite: phengite +
garnet = biotite + plagioclase + H,O; see also Hein-
rich 1982). In this case, the 42.2 £ 0.9 Ma age would
reflect the initiation of hydration of the eclogites during
decompression. As discussed below, in view of the age
results obtained from the leucosome and the or-
thogneisses, the first case is favored.

Orthogneiss country rock of the kyanite eclogites

Five out of seven analyses on oscillatory zoned cores
(primary magmatic domains) of zircons from this or-
thogneiss plot on a mixing line that intersects the con-
cordia at 294 + 8 Ma (Fig. 8C). The protolith of this
rock was therefore a Hercynian granite. Two spot ana-
lyses plot off the mixing line, namely one on the right
side (indicating Pb loss) and one of the left side (indi-
cating an older Pb component). The latter is explained
by the fact that the analyzed spot lies partly on an older
core recognised in CL.

The Hercynian magmatic zircon crystals have partly
recrystallized and lost all their radiogenic Pb during
Alpine metamorphism, as indicated by the presence of
rims bright in CL around the oscillatory zoned mag-
matic domains and the crystal form characteristics. No
new growth took place (see section 6). Fight spot ana-
lyses were obtained from these completely reset meta-
morphic domains. In a TW diagram (Fig. 8D) they lie
on a mixing line that intersects the concordia at
42.0 £ 1.1 Ma. This age compares well with that ob-
tained from the eclogite zircons. It is therefore evident

that the geochronological data support the view that the
orthogneisses have been metamorphosed ““in situ” with
the enclosing eclogites and contradict the assumption of
later tectonic emplacement of the eclogites. One of the
zircon crystals analyzed (Fig. 5B) yielded only Alpine
ages at both the innermost oscillatory domains, dark in
CL, and the bright rims. One possible interpretation is
that the whole zircon grain formed intergranularly
during incipient partial melting (compare with leuco-
some zircons and see also section 8, below). Alterna-
tively, complete lead loss from the Hercynian zircon may
have occurred during metamorphism.

Leucosome in a migmatized orthogneiss

Four spots were analyzed on the oscillatory zoned zir-
cons which obviously crystallized from the partial melt
during migmatization. On a TW diagram (Fig. 8E) they
all plot on a mixing line and yield a weighted mean age
of 40.0 + 1.0 Ma. This age reflects the time of zircon
crystallization from the partial melt. This can further be
interpreted as the time that the rocks experienced the
highest temperatures (7" > 800 °C, P > 1.5 GPa).
However, if we take into consideration the favoring role
of fluids, derived by dehydration reactions, in partial
melting processes, the leucosome formation may be re-
lated not only to high prevailing temperatures but also
to the presence of fluids triggering melting. Therefore,
the 40 = 1.0 Ma age most probably represents the time
of the temperature peak and melt generation (mig-
matization).

A comparison with the age obtained from the eclogite
zircons (42.2 £ 0.9 Ma) shows that the leucosome
formed 2.2+1.9 Ma later. The 1.9 Ma error is the
maximum error obtained if we assume the rather un-
likely case that the extreme age values apply simulta-
neously for the eclogites and the leucosome. Thus, if we
take the extreme error margins for the ages obtained for
the eclogite and the leucosome, the maximum and
minimum age difference becomes 4.1 Ma and 0.3 Ma,
respectively. Thus, there is no overlapping of these two
ages at the 95% confidence level. Moreover, the
weighted mean error of 1.0 Ma for the leucosome is
relatively large and possibly not representative, due to
the few — but analytically very consistent — data spots. If
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Fig. 8A—F Tera-Wasserburg (TW) diagrams with data obtained on
zircons from: A the early deformed quartz vein; (filled circles data
from the hydrothermal, oscillatory domains of the zircon crystals,
open circles data from the narrow, bright metamorphic rims of the
zircons); B the eclogites; C and D the orthogneisses: In C filled circles
on the left and right side of the mixing line correspond to analyzed
points with an older Pb component and Pb loss, respectively. E the
leucosome and F the crosscutting pegmatite; filled circles that plot off
the mixing line correspond to analyzed spots with U contents higher
than 2000 ppm (samples in italics of Table 1). The analyzed points
plot along a mixing line with common Pb (composition according to
the model of Cumming and Richards) and radiogenic >**U/?*Pb as
end members. (WM weighted mean). Error bars are 2c errors

we consider the normal mean values and errors of the
leucosome (40.0 £ 0.6 Ma) and the eclogite zircons
(42.5 £ 0.9 Ma), the maximum age difference becomes
2.5 Ma with a maximum error of 1.5 Ma, which in-
creases the minimum age difference from 0.3 Ma to
1.0 Ma. In any case, the 42.2 Ma and the 40.0 Ma ages

must be considered as two statistically distinct ages re-
lated to separate stages of the metamorphic evolution.

Crosscutting pegmatite

Five spot data obtained from zircons of the crosscutting
pegmatite plot on a mixing line in the TW diagram of
Fig. 8F. They yield a weighted mean age of
36.1 £ 1.2 Ma which is interpreted to reflect the intru-
sion of this rock into the upper crust, with ambient
temperatures of ca 300 °C, at a depth of ca 10 km. This
is supported by a biotite K/Ar cooling age of
35.8 £ 0.3 Ma reported for a migmatite of the same
area (Liati 1986; Liati and Kreuzer 1990).

Another four spots analyzed from the pegmatite zir-
cons showed very high U contents, up to 7000 ppm
(Table 1, samples in italics). They yielded inconsistently
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Table 2 Mean SHRIMP ages
(Ma) of zircon domains from
the dated rocks of central

Sample

Weighted mean CL-type of zircon domain

+error (95% c.l.)

Rhodope (c.l. confidence level) Earl in (RHO30)
arly qz-vein

(8 spots)

Early qz-vein (RHO30)
(3 spots)

Eclogite (RHO1, RHO3)
(10 spots)

Orthogneiss (RHO2)
(5 spots)

Orthogneiss (RHO2)
(8 spots)

Leucosome (RHO32)
(4 spots)

Pegmatite (RHO12)
(5 spots)

453 £ 09 Oscillatory zoning

36.8 £ 5.0 Narrow bright rim

422 + 0.9 Faded oscillatory zoning
294 + 8 Oscillatory zoning

420 + 1.1 Bright rim

40.0 £ 1.0 Oscillatory zoning

36.1 £ 1.2 Oscillatory zoning

higher ages which plot off the mixing line in the TW
diagram (Fig. 8F) and were neglected in the age calcu-
lation. It is a common case in SHRIMP data that ana-
lyses with U contents higher than ca 2000 ppm may be
erroneous and should not be considered in the age cal-
culation (see also Mc Laren et al. 1994; Williams et al.
1996).

P-T-t path and correlation with the SHRIMP results
The ages obtained from SHRIMP analyses of different
zircon domains from the dated rocks of central Rhodope

allow to infer four distinct stages within an Alpine
metamorphic cycle: at45.3 £ 0.9 Ma, at42.2 £ 0.9 Ma,
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Fig. 9 P-T-t(ypsolue) Path for the rocks of the upper tectonic unit of
central Rhodope (based on the P-T-f(clative) path from Liati and Seidel
1996). Fields (/) and (2) represent the range of P-T conditions using
the garnet-hornblende geothermometer of Graham and Powell (1984)
and the garnet-amphibole-plagioclase-quartz geobarometer of Kohn
and Spear (1989) (only for field 2); (3) represents the minimum P7T
conditions for the peak eclogite-facies stage; (4) represents P7 of the
overprinting granulite-facies stage inferred by the presence of
sapphirine and of albites, g7 + corundum forming as reaction products
of jadeites, + kyanite; field (5) represents the range of PT conditions of
the amphibolite-facies stage using the garnet-hornblende geother-
mometer and the garnet-amphibole-plagioclase-quartz geobarometer,
as above. The shape of the PT trajectory between the minimum peak
PT conditions during prograde metamorphism (field 3) and the
estimated post-pressure peak exhumation conditions (field 4) is
uncertain, due to lack of petrological data and is drawn dashed. The
biotite age of 35.8 Ma is from a migmatite in the area of Echinos
(Liati 1986; Liati and Kreuzer 1990)
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at 40.0 = 1.0 Ma and at 36.1 = 1.2 Ma. The 453 +
0.9 Ma and the 36.1 £ 1.2 Ma ages are clearly con-
nected with the early stages of subduction (prograde
metamorphism) and final stages of exhumation (retro-
grade metamorphism), respectively. Thus, the whole
metamorphic cycle between the early and late stages
(above ca 300 °C, 0.3 GPa) lasted 9.2 + 2.1 Ma. The
2.1 Ma error is the maximum error obtained if we as-
sume the rather unlikely case that the extreme age values
apply simultaneously for the early quartz vein and the
pegmatite.

The 40.0 £ 1.0 Ma age corresponds to the time that
the rocks experienced the highest temperatures. At this
time partial melting and leucosome formation occurred.
Fluids (resulting, for example, from the decomposition
of phengite) probably facilitated melt generation. Peak
temperatures during this stage of heating should have
been at least 800 °C at P = 1.5 GPa, as inferred from
petrological data for the eclogite boudins enclosed in the
orthogneisses (Liati and Seidel 1996). However, even
higher temperatures, on the order of at least 830 °C at
1.8 GPa; may have been reached (Fig. 9). An average
pressure between 1.5 and 1.8 GPa (=1.65 GPa corre-
sponding to ca 50 km depth) is assumed for the peak
temperatures in this paper. Thus, at 40.0 £ 1.0 Ma, the
rocks experienced the highest temperatures, on the order
of 800 °C, when they were at depths of ca 50 km. The ca
42 Ma age obtained from the eclogite (42.2 £ 0.9 Ma)
and orthogneiss (42.0 £ 1.1 Ma) zircons seems to be
related to a time prior to leucosome formation (at
40.0 = 1.0 Ma), when large amounts of fluids were also
present (breakdown of paragonite; see above, section 7)
and the rocks were at depths greater than ca 50 km, i.e.,
closer to the P-peak. Whether this was before or after
the initiation of exhumation is uncertain because we do
not know the precise P-peak conditions of the eclogite-
facies stage. Nevertheless, it is evident that the age of
42 Ma should approximate the stage of the metamor-
phic cycle related to the P-peak.

All the SHRIMP data of this study were used to
compile a P-T-t s path (Fig. 9) for the evolution of the
HP rocks of the upper tectonic unit of central Rhodope,
based on the P-T-fq path calculated on petrological
grounds (Liati and Seidel 1996). As is shown in this
figure, the shape of the prograde and retrograde trajec-
tories are similar.

Geospeedometry

The P-T-t(,ps) path of Fig. 9 provides a suitable basis for
the calculation of rates of heating, cooling, burial, sub-
duction and exhumation. In the absence of a precise
determination of the P-T conditions for the formation of
the 45.3 £ 0.9 Ma old prograde quartz vein, we can
assume a temperature of 300 °C and a corresponding
depth of ca 10 km. As already mentioned (section 7.1),
PT conditions between 250 and 300 °C are reported for
the first formation of such veins in several areas around
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the world (i.e., McNamara 1965). Although quartz veins
of that type may form in a wider range of conditions,
our assumption is based on the most likely scenario. As
shown just below, even if the early deformed quartz vein
formed at higher P and 7, this does not lead to any
considerable deviation in our calculations. Taking the
40.0 = 1.0 Ma (age of the leucosome) for the 7-peak
(>800 °C), we can calculate average heating rates as
follows: 800 °C (T-peak) —300 °C (most likely T of
formation of the early quartz vein) = 500 °C; 45.3 +
0.9 Ma (age of the prograde quartz vein) —40.0 *+
1.0 Ma (age of the leucosome) = 5.3 £ 1.9 Ma. The
resulting average heating rates are therefore 94 °C/Ma
for the weighted mean age. Considering extreme error
values, heating rates of 69 °C/Ma and 147 °C/Ma arise.
It should be noted that since our errors are given at the
95% confidence level, it is rather unlikely that maximum
errors apply and even less likely that lowermost and
uppermost extreme age values apply simultaneously for
both rock types considered in the calculations.

Assuming temperatures of quartz vein formation to
have been 50 °C lower or higher (that is 250 or 350
instead of 300 °C), heating rates are shifted by ca 9 °C/
Ma, which is negligible. It is clear therefore that uncer-
tainty about the temperature of formation of the quartz
vein hardly matters for the calculated heating rates.

Following the same procedure as described above for
the heating rates, we calculated average values for burial
rates (15 km/Ma), cooling rates (128 °C/Ma) and ex-
humation rates (7.7 km/Ma). The results are summa-
rized in Table 3. The petrological data available
establish only minimum P and 7 estimates. Thus, the
above estimated rates are also minimum values.

Considering a subduction angle of 30°, subduction
speeds of 30 km/Ma (or 30 mm/a) are calculated, which
correspond to a spreading rate of 26.2 mm/a
(0.1 GPa = 3 km in the calculations). Burial rates are
lowered by 1.5 km/Ma if the formation of the quartz
vein took place at higher P conditions, that is at 15 km
instead of 10 km depth. The heating and burial rates, as
well as the cooling and exhumation rates calculated here
are only average rates, i.e., all these parameters may vary
continuously along the P-T-t path.

The relatively high exhumation rates calculated for
the Rhodope on the basis of the SHRIMP results are in
line with petrological observations that (1) abundant
symplectites are preserved in the overprinted eclogites,
which requires fast cooling and exhumation rates, and
that (2) intense prograde (growth) zoning of garnet in
the kyanite eclogites is preserved (Liati and Seidel 1996).
This indicates that the rocks did not stay long under
high temperature conditions, which would cause ho-
mogenization of garnet.

To our knowledge, estimates of burial and heating
rates reported in the literature are usually significantly
lower than those deduced in the present study. How-
ever, rather high cooling and exhumation rates, com-
parable to our estimates, are reported for some
metamorphic terranes. In the Spanish Betics, e.g., in the
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Table 3 Calculation of heating rates (HR), cooling rates (CR), burial rates (BR) and exhumation rates (ER) for the tectono-metamorphic

evolution of Rhodope, based on petrological and SHRIMP data

Rock type used T of formation AT Age (Ma) Difference in Calculated Extreme
age + extreme errors average HR  HR values®
Calculation of heating rates (HR)
Quartz vein 300 °C 500 °C 453 £ 09 53+ 1.9 94 °C/Ma 69 °C/Ma
Leucosome 800 °C 40.0 = 1.0 147 °C/Ma
Calculation of cooling rates (CR) Calculated Extreme
average CR  CR values®
Leucosome 800 °C 500 °C 40.0 £ 1.0 39 £ 1.2 128 °C/Ma 82 °C/Ma
Pegmatite 300 °C 36.1 £ 1.2 294 °C/Ma
Rock types used Depth of Depth Age (Ma) Difference in Calculated Extreme
formation difference age + extreme errors average BR  BR values®
Calculation of burial rates (BR)
Quartz vein 10 km 47 km 453 £ 0.9 3.1 £ 1.8 15 km/Ma 10 km/Ma
Eclogites 57 km 422 £ 09 36 km/Ma
Calculation of exhumation rates (ER) Calculated Extreme
average ER  ER values®
Eclogite 57 km 47 km 422 £ 0.9 6.1 + 2.1 7.7 km/Ma 5.7 km/Ma
Pegmatite 10 km 36.1 £ 1.2 11.8 km/Ma

4Extreme HR, CR, BR and ER values are calculated by assuming the extreme error values to apply simultaneously for both rock types

considered

Velez-Malaga-Torrox area, minimum cooling rates of
200 °C/Ma and minimum average “‘uplift rates” of 2.5-
5 km/Ma are reported (Zeck et al. 1989), while for the
same area Moni¢ et al. (1994) conclude that cooling and
exhumation rates were on the order of 100-350 °C/Ma
and 3 km/Ma, respectively. Zeck et al. (1992) suggest
that, for a major part of the Betic Cordileras, cooling
rates were in the range of 150-350 °C/Ma and exhu-
mation rates 5-10 km/Ma. For the Western Betics,
Monié et al. (1994) suggest an exhumation rate of
10 km/Ma. For the south-east Tauern Window, CIiff
et al. (1985) suggest that rates of exhumation varied
with time and stage of the metamorphic evolution from
>5 km/Ma to <1 km/Ma. Very high cooling and ex-
humation rates have also been reported for the UHP
ultramafic/mafic rocks and their country rocks at Alpe
Arami in the Central Swiss Alps (Gebauer 1996). Here,
depending on the petrological data and omitting the
hypothesis on an origin in the transition zone, the per-
idotites were exhumed from the mantle to the base of
the crust with average rates of 12 km/Ma and a maxi-
mum rate of 32 km/Ma. In contrast to the exhumation
rates, cooling rates reached maximum values of around
100 °C/Ma at crustal levels. Average exhumation and
cooling rates for the UHP-terrane of Dora Maira
(Western Alps) are 22 km/Ma and ca 90 °C/Ma (Ge-
bauer et al. 1997), similar to values for eclogites from
the upper Kaghan valley in the Himalaya of Pakistan
(Spencer and Gebauer 1996). Thus, both average cool-
ing and exhumation rates of >128 °C/Ma and
>7.7 km/Ma, as derived for the Rhodope in this study,
fit very well with the range of values deduced from re-
cent geochronological data worldwide.

Geodynamic implications — conclusions

The Rhodope zone constitutes the largest, the highest
grade and the highest pressure metamorphic part of the
Alpine chain in Greece. A correlation of the metamor-
phic events between the Rhodope zone and the Attic—
Cycladic Complex to the south reveals that the Rhodope
was subducted at similar times as the Attic—Cycladic
Complex, where Eocene ages are also reported for HP
(eclogite-facies) metamorphism (e.g., 40-45 Ma; Altherr
et al. 1979; Maluski et al. 1987; Wijbrans et al. 1990;
Brocker et al. 1993). The Cyclades and the central
Rhodope may therefore be part of the same continental
crust subducted northwards below the European plate.
However, the 25 Ma age reported for the greenschist-
facies metamorphic overprint in the Cyclades (e.g., An-
driessen et al. 1979; Altherr et al. 1982) indicates that
either the Cyclades were exhumed much more slowly
than the Rhodope or that the radiometric 25 Ma age is
due to reheating, possibly because of slab delamination
(e.g., von Blanckenburg and Davies 1995).

The SHRIMP results presented in this paper, com-
bined with previous petrological data, lead to the fol-
lowing conclusions:

1. Hercynian continental crust (probably containing
oceanic remnants) formed at 294 + 8§ Ma and was
subducted in the Eocene. The early stages of subduction
(ca 300 °C, 0.3 GPa) occurred at 45.3 £ 0.9 Ma.
Maximum depth was approached at 42.2 + 0.9 Ma and
maximum temperatures were reached at 40.0 = 1.0 Ma.
Late stages of the exhumation (ca 300 °C, 0.3 GPa)
occurred at 36.1 + 1.2 Ma.



2. The almost identical metamorphic age of the
eclogites and country rock orthogneisses (42.2 +
0.9 Ma and 42.0 £ 1.1 Ma, respectively) indicates that
the eclogites were metamorphosed “in situ” together
with the orthogneisses.

3. Calculated (average) rates of heating and burial
during subduction (above ca 300 °C, 0.3 GPa) were
>94 °C/Ma and > 15 km/Ma (or 15 mm/a) and rates of
cooling and exhumation (also above 300 °C, 0.3 GPa)
were > 128 °C/Ma and >7.7 km/Ma (or 7.7 mm/a).

4. Generally, fast exhumation of large masses of
continental crust over ca 50 km in only about 6 Ma re-
quire new numerical modeling of heat and mass transfer,
deformation and exhumation. This would give new in-
sight into the mechanical behavior of the lithosphere.

The SHRIMP results of this study should not be
extrapolated to the whole Rhodope zone. In east Rho-
dope, for instance, SHRIMP data on eclogites (Gebauer
and Liati 1997 and unpublished data) indicate an age of
ca 120 Ma for the gabbroic protolith and an age of ca
73 Ma for the HP metamorphism. These age data are in
line with the presence of ‘“Maastrichtian—Paleocene
sediments discordantly overlying the crystalline base-
ment” (Goranov and Athanasov 1992) in the area of
Krumovgrad, in the Bulgarian part of east Rhodope, ca
20 km north of the eclogites dated by SHRIMP. This
indicates that distinct geological units of the Rhodope
zone were metamorphosed to high pressures at different
times, favoring the former existence of different terranes.
Moreover, the short time period between HP meta-
morphism and deposition of Maastrichtian-Paleocene
sediments is an independent evidence for rapid exhu-
mation also for east Rhodope. It is in very good agree-
ment with the relatively high exhumation rates deduced
in the present study for central Rhodope and suggested
recently for many other orogens worldwide.
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