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Abstract

Eclogites and partially amphibolitized eclogites from the metamorphic Kechros complex in East
Rhodope are studied in order to provide the geodynamic framework for the origin of their protoliths.
Geochemical evidence from whole-rock major and trace element concentrations shows two distinct
protolith groups. The low-Fe-Ti eclogites (Charakoma locality) have low-TiO, content (<0.67 wt%),
negative Nb anomalies, positive Sr anomalies, small negative Zr and Hf anomalies and variable en-
richments in LILE (e.g. Rb and Ba). The REE patterns are characterized by strong LREE enrichment
(Lay/Yby=5.45-5.81), HREE depletion (Gdy/Yby=1.60-1.63) and HREE abundance within the range
of 9-10 x chondrite. The high-Fe-Ti eclogites (Kovalo and Virsini locality) have variable Sr contents,
small to moderate LILE enrichment, HREE's similar to MORB values and absence of Nb anom-
alies. The REE patterns of the Kovalo and Virsini eclogites are characterized by LREE depletion and
relative flat MREE-HREE patterns at approximately 20-30 x chondrite concentrations. Our results
suggest that the protoliths of the Low-Ti eclogites show a continental rifting tectonic environment.
In contrast, the protoliths of the High-Ti eclogites indicate formation of their protoliths by partial
melting in an extensional oceanic environment.
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1. Introduction

Eclogites are high-pressure rocks that consist of omphacite and garnet, have broadly basaltic to in-
termediate composition and occur in a variety of geotectonic environments. Geochemical investiga-
tions are of great importance to elucidate the geotectonic environment of their protoliths and to provide
important information on the tectonic evolution of the orogenic belts (e.g. Ernst and Liou, 1995).

The Rhodope high-pressure (HP) Province represents an Alpine synmetamorphic thrust and nappe
complex that incorporates several tectonic slivers of ultra-high pressure (UHP) and HP metamorphic
rocks formed during the Jurassic to Mid-Tertiary collision of the African and European plates (Burg
et al., 1996; Liati and Mposkos, 1990; Mposkos and Krohe, 2000). It offers a great opportunity to
study the geochemistry of such HP rocks, since they are common in the most tectonometamorphic
complexes of it (Mposkos and Krohe, 2000). In the eastern Rhodope, the structurally uppermost
Kimi Complex underwent UHP-HT metamorphism in early Jurassic (Mposkos and Kostopoulos,
2001; Bauer et al., 2007) and exhumed to the surface between 62 and 48 Ma (Krohe and Mposkos,
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Fig. 1: Geological map of Kechros area showing the locations of the studied eclogites (Mposkos and Krohe,
2000).

2002). The underlying Kechros Complex underwent also Alpine HP metamorphism, documented by
the common occurrence of fresh eclogites and amphibolitized eclogites with Permo-Triassic age of
gabbroic protoliths (Liati and Mposkos, 1990; Liati, 2005). Exhumation to shallow crustal levels of
the Kechros Complex occurred in Oligocene (Wawrzenitz and Mposkos, 1997; Lips et al., 2000).

In the present work we describe the geochemistry of eclogites, amphibolitized eclogites and dyke
amphibolites from the Kechros Complex. Our objective is to investigate the nature of the protoliths,
to provide a compilation of whole-rock major and trace element data and to place constraints on the
petrogenesis and geodynamic history of the protoliths of the studied rocks.

2. Geological setting

In eastern Rhodope, a discrete tectonic contact separates the Kimi Complex from the underlying
Kechros Complex (Fig. 1). The Kechros Complex consists of orthogneisses, metamigmatites (con-
taining muscovite metapegmatite lenses, pelitic gneisses, high-alumina metapelites and rare mar-
bles). Within the orthogneisses and metapelites, boudins of eclogites, eclogite amphibolites and
amphibolites occur. Large ultramafic bodies are tectonically intercalated.

In the eclogites P-T conditions of ~1.5 GPa at ~550°C, are estimated by Grt-Omp (Jdss). (Thermo-
barometry; Liati and Mposkos, 1990). In the orthogneisses and metapelites the HP event is docu-
mented by the presence of phengites with maximum 3.5 Si atoms per formula unit (a.p.f.u.) and up
to 3.42 Si a.p.f.u. respectively (Mposkos, 1989). Decompression was nearly isothermal from the
maximum pressure of 1.5 GPa up to 0.4 GPa. It is recorded in metapelites by the successive forma-
tion of staurolite, chlorite and biotite at the expense of chloritoid and phengite (Mposkos, 1989;
Mposkos and Liati, 1993, their figure 11a) implying rapid uplift.
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Orthogneisses and metapegmatites indicate Variscan protolith ages. U-Pb zircon ages from or-
thogneisses range between 320-299 Ma (Liati, 2005; Cornelius, 2008). Rb-Sr age of magmatic mus-
covite in a metapegmatite associated with metamigmatites yielded 334 Ma (Mposkos and
Wawrzenitz, 1995). U-Pb ages of magmatic zircons in eclogite yielded 245 Ma for the crystalliza-
tion time of the gabbroic protolith (Liati, 2005). Rb-Sr and ¥ Ar-**Ar white mica ages from mylonitic
orthogneisses range between 41-36 Ma, constraining minimum age for the Alpine HP metamor-
phism (Wawrzenitz and Mposkos, 1997; Lips et al., 2000).

3. Petrography

The selected eclogites and amphibolitized eclogite samples occur in the following three areas: (1)
Charakoma, (2) Kovalo and (3) Virsini (Fig. 1).

The eclogites have the mineral assemblage garnet + omphacite (Jd;5_55) + tremolite + hornblende +
glaucophane + epidote + kyanite + phengite + rutile + quartz and the retrogressed amphibolitized eclog-
ites tremolite + hornblende + albite + chlorite + epidote + quartz + phengite + paragonite + garnet +
margarite + rutile. Glaucophane is found as inclusions in garnet from the Kovalo eclogite and kyanite
from the Charakoma eclogite. Kyanite is associated with omphacite as inclusions in garnet as well as
in the rock matrix. Garnet-clinopyroxene geothermometry yielded 550-620°C at 1.5 GPa (minimum
pressure constrained from jadeite content in omphacite). However, the coexistence of kyanite with
omphacite (jds,) constrains the minimum pressure at 2.1 GPa at least for the Charakoma eclogite.

4. Whole-rock major and trace element analysis
4.1 Methods

Major and trace element compositions of 11 representative samples (Table 1), including eclogites and
amphibolitized eclogites, were determined by inductively coupled plasma — emission spectroscopy
(ICP-ES). For major and trace element analysis, structural water was removed from sample powders
by heating at 1000°C for 1 hour. Loss on ignition (LOI) was determined from the total weight change.
Major and trace element analyses were performed on solutions after LiBO, fusion and nitric acid di-
gestion of rock powder for ICP-ES analysis and on prepared beads after mixing with Di-Lithium
Tetraborate and fusion for XRF analysis. Rare earth element (REE) analyses were determined by in-
ductively coupled plasma-mass spectroscopy (ICP-MS) after LiBO, fusion and nitric acid diges-
tion. The detection limits for the REE (in ppm) are <0.5 for La and Ce, <0.02 for Pr, <0.4 for Nd,
<0.1 for Sm, <0.05 for Eu, Gd, Dy, Ho, Er, Tm and Yb, <0.01 for Tb and Lu. The whole-rock analy-
ses were carried out at Acme Analytical laboratories in Canada.

4.2 Major elements and compatible trace elements

Based on Fe,O;t and TiO, contents, two types of eclogites are distinguished: low-Fe-Ti eclogites
(LFT) with Fe,O5t < 9.9 wt% and TiO, < 0.79 wt% and high-Fe-Ti eclogites (HFT) with Fe,O5t >
12.3 wt% and TiO, > 1.3 wt%.

Low-Fe-Ti eclogites:

The LFT eclogites have SiO, contents that range from 51.5 to 52.9 wt%, Al,O5 from 14.1 to 15.9
wt %, Fe,0st from 7.9 to 9.9 wt%, CaO from 8.6 to 10.6 wt%, TiO, from 0.48 to 0.79 wt% and
Na,O content from 1.75 to 3.14 wt%. Cr, Ni and Co abundances range from 103 to 438 ppm, 18 to
185 ppm and 29 to 44 ppm respectively.
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Table 1. Representative major and trace element compositions of Low-Fe-Ti (LFT) and High-Fe-Ti
(HFT) eclogites from the high pressure metamorphic Kechros Complex.

Sample | EK-7 | Aw-13 |Aw-13B|EK-6B| EK-9 | 93A-9 |93A-11|B90-3B| KO2 | KO4 | KO6
Rock LFT LFT | LFT | LFT | LFT | HFT | HFT | HFT | HFT | HFT | HFT
Major elements (wt%)

SiO, 5246 | 52.86 | 51.67 | 5149 | 52.04 | 44.56 | 4348 | 44.55 | 45.68 | 4429 | 4601
TiO, 0.56 079 | 075 | 058 | 056 | 294 | 246 | 276 | 233 | 244 | 135
ALO, 1456 | 1500 | 1454 | 1471 | 1595 | 13.10 | 12.71 | 13.16 | 11.74 | 1227 | 1592
Fe,O.t 8.39 990 | 790 | 876 | 8.19 | 1870 | 1790 | 1795 | 1550 | 16.57 | 1227
MnO 0.14 0.21 009 | 0.14 | 0.14 | 027 | 026 | 026 | 024 | 023 | 0.8
MgO 10.15 | 6.17 754 | 1062 | 897 | 676 | 821 | 728 | 819 | 924 | 859
Ca0O 9.00 873 | 1057 | 8.83 | 9.03 | 1087 | 1327 | 1087 | 1328 | 11.70 | 12.32
Na,0 207 223 314 | 175 | 180 | 253 | 099 | 250 | 1.18 | 102 | 1.72
K,0 1.11 144 113 | 073 | 1.18 | 007 | 0.10 | 008 | 0.15 | 021 | 028
PO, 0.12 022 | 017 | 011 | 0.3 | 007 | 0.18 | 008 | 0.18 | 0.15 | 0.1
LOI 1.00 2.10 210 | 149 | 095 | 0.10 | 0.10 | 0.10 | 044 | 091 | 096
Total 99.56 | 99.65 | 99.60 | 99.25 | 98.93 | 99.97 | 99.66 | 99.59 | 9891 | 99.03 | 99.71
Mg# 0.71 0.55 066 | 071 | 069 | 042 | 048 | 045 | 051 | 053 | 0358
Trace elements (ppm)

Ba 183 253 216 1444 | 2522 | 8 9 14 433 | 859 | 315
Cs 29 74 1.1 0.1 | 66 02 <0.1 | 07 75 23 <0.1
Pb 45 1 26 185 | 294 | 08 04 07 01 | <01 |4l
Rb 375 58.1 2717 | 253 | 323 |15 14 16 43 44 76
Sr 4009 | 4166 | 6569 | 4666 | 7543 | 369 | 456 | 452 | 1296 | 333 | 3381
Ta 02 05 03 <01 | <01 |03 03 04 01 | <01 | <01
Th 29 4 27 117 |63 <02 | <02 | <02 |49 <02 | <02
U 1 18 16 01 | <00 | <01 | <01 | <01 | <01 | <01 | <01
Nb 24 5.1 39 01 | 01 |47 44 6.1 01 | <01 | <01
Zr 54.1 914 698 | 302 |45 1495 | 1085 | 2155 | 949 | 995 | 402
Y 145 213 179 | 151 168 | 618 | 515 |74 369 | 391 | 271
Ni 178 59 83 1853 | 1336 | 73 68 74 91 1717 | 1082
Cr 41738 | 10263 | 15737| 2074 | 2119 | 8895 | 11632| 16421 | 1899 | 1672 | 2974
La 104 162 13 14 | 115 |49 29 64 340 | 312 | 32
Ce 23 338 2719 | 236 | 243 | 175 | 1L | 219 | 1229 | 1140 | 98
Pr 292 452 368 | 302 | 294 | 321 229 | 394 | 241 | 229 | 163
Nd 13.1 193 162 | 137 | 134 | 181 149 | 228 | 1341 | 1295 | 92
Sm 285 4.15 373 | 31 3 6.12 | 487 | 726 | 484 | 463 | 34
Eu 0.8 105 116 | 09 | 08 | 209 | 174 |23 197 | 166 | 13
Gd 274 3.86 355 |29 28 768 | 648 | 915 | 651 | 631 |45
Tb 043 06 058 | 05 046 | 163 | 132 | 18 | 123 118 | 084
Dy 248 3.68 331 | 267 | 26 1056 | 853 | 1203 | 809 | 780 | 527
Ho 0351 0.73 063 | 059 | 058 |225 | 182 | 26l 174 | 168 | 12
Er 147 229 187 | 154 | 155 |68 | 557 |83 |510 | 498 | 333
Tm 022 032 024 1023 |023 |099 |08 117 1075 | 074 | 052
Yb 15 209 1.55 15 142 | 651 | 525 | 766 | 481 | 480 | 3.17
Lu 022 031 023 | 025 |02 |[097 |078 | 113 | 070 | 070 | 05
[GdYBIN | 151 153 189 | 160 | 163 | 098 | 102 | 099 | 112 | 109 |L17
[La/YbIN | 497 556 602 | 545 | 581 | 054 | 040 | 060 | 051 [047 0.72
[EwEu*] | 0.88 0.80 097 | 098 | 091 |093 | 095 |08 |107 094 | 102

<: Below the detection limit
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Fig. 2: N-MORB and chondrite-normalized trace-element diagrams for LFT (a,b), and HFT (c.d) eclogites.
Normalizing values are from Sun & McDonough (1989).

High-Fe-Ti eclogites:

The HFT eclogites have SiO, contents that range from 43.5 to 46.0 wt%, Al,O; from 11.7 to 15.9
wt %, Fe,O5t from 12.3 to 18.7 wt%, CaO from 10.9 to 13.3 wt%, TiO, from 1.3 to 2.9 wt% and
Na,O content from 1.0 to 2.5 wt%. Cr, Ni and Co abundances range from 89 to 297 ppm, 68 to 172
ppm and 45 to 66 ppm respectively.

4.3 Incompatible trace elements
Low-Fe-Ti eclogites:

N-MORB normalized trace elements patterns (Fig. 2a) are characterized by negative Nb-Ta and Ti
anomalies, small positive Sr anomalies, high LILE (Rb, Ba) abundances and relatively flat high field
strength elements (HFSE) from Zr-Lu with the exception of Sm which shows small positive anom-
alies.

The REE patterns normalized to chondrite (Fig. 2b) are characterized by strong LREE enrichment
(Lan/Yby=4.97-6.02), HREE depletion (Gdy/Yby=1.51-1.89) and HREE abundance within the
range of 8-12 x chondrite.

High-Fe-Ti eclogites:

N-MORB normalized trace element patterns (Fig. 2c) are characterized by very strong negative Sr
and Ti anomalies, small to moderate LILE enrichment, HREE' s similar to MORB values and absence
of Nb anomalies.
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The REE patterns normalized to chondrite (Fig. 2d) are characterized by LREE depletion
(Lay/Yby=0.40-0.72), slight negative Eu anomalies (Eu/Eu*=0.94-1.07) and relatively flat MREE-
HREE patterns. They fall within the range of 13-45 x chondrite for both LREE and HREE.

5. Discussion
5.1 Compositional modification during metamorphism

Seawater alteration, dehydration during metamorphism and partial melting are the main processes
that could affect the composition of the protoliths of the LFT and HFT after their initial formation.
Seawater alteration includes two opposite processes; the first is that they gain LILE and alkalis and
the second is that they lose Si, Mg and Ca (Jacob et al., 1994).

Dehydration and loss of a melt component during passing from eclogite to amphibolite facies con-
ditions could affect mainly the SiO, content and in lesser degree the LILE and LREE contents of the
bulk-rock composition (Stalder et al., 1998; Foley et al., 2002). This could be done due to transfor-
mation of clinopyroxene to amphibole at high water activity. Besides, the more compatible elements
(Cr, Ni, HREE) in eclogitic minerals (e.g. clinopyroxene and garnet) are less mobile and remain at
the peak P-T conditions (Jacob and Foley, 1999). The HFSE (Nb, Ta, Zr, Hf) and Th have very low
mobility in retrograde fluids and retain at the eclogitic primary or accessory minerals (Elliott et al.,
1997; Hebert et al., 2009).

The incompatible elements enrichment of LFT eclogites could be attributed to mineral-fluid inter-
action at high-pressure conditions or even low-T seawater alteration. Low-T seawater alteration is
a mechanism that theoretically is present but is difficult to influences all of the samples in a consis-
tent way producing parallel trace element/REE patterns. Though, the Rb, Ba, K enrichments in our
eclogitic samples (especially in LFT) is due to the extensive rehydration mechanism which results
in the formation of hornblende (Becker et al., 2000). Petrographic data from the LFT eclogites sug-
gest that the retrograde amphibole is in very high modal content indicating extended water fluxes.
During the formation of such amphibole, a fluid phase, rich in Rb, Ba and K, is consumed in order
to complete the reaction, by increasing the LILE contents in the eclogites. Another LILE element
such as Cs, is positively and more strongly correlated with K (diagram not shown) indicating that
retrograde fluids could affect its concentration.

In fact, the REE patterns of both LFT and HFT eclogites vary interconsistently probably reflecting
primary composition of the protoliths.

In order to check the relative mobilization of various elements, we investigate the role of the theo-
retical immobile elements. The HFSE's (Nb, Ta, Zr, Ti) and the REE’s are seem to be relative less
mobile during retrogression process.

5.2 Bivariate TiO,-Mg# vs. Major/trace element plot

Major and trace element vs. TiO, plots are shown in Figure 3. They display the following trends with
decreasing TiO,: (1) The HFT eclogites show CaO, MgO and Cr concentrations which more or less
continuous negative trend with TiO, whereas Fe,O;t is positively correlated; (2) SiO, remain nearly
constant at decreasing TiO, content whereas Na,O decreasing for TiO,>2.4 wt% and increasing for
lower TiO, contents; (3) CaO, MgO, Fe,0st lie above the MORB field whereas SiO, and Na,O fall
below the field defined for MORB-type basaltic rocks; Cr is plotted within the MORB field. In con-
trast to the HFT eclogites, the LFT ones, display limited range of TiO, showing (1) steep negative
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Fig. 3: Selected major and trace elements vs. TiO, for both LFT and HFT eclogites. Grey field represents
MORB values.

trends for Cr and MgO, whereas the major elements CaO, SiO,, FeO* and Na,O contents are more
scattered without obviously trends; (2) comparing the values of the LFT eclogites, are generally
plotted outside the MORB field.

The evolution of the Mg- to Fe-rich gabbroic rocks is well established in bivariate plots of selected
major and trace elements vs. Mg# (figure not shown). The compatible elements such as Cr and Ni
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Fig. 4: (a) Nb/Y vs. Ti/Y variation diagram comparing LFT and HFT eclogites with continental and oceanic gab-
bros. (b) Nb-Zr-Y ternary plot showing the contrasting tectonic signatures of LFT and HFT eclogites. Symbols
for both LFT and HFT eclogites as in figure 3.

decrease with decreasing Mg# whereas the elements Zr, P, Ti and Y increase with decreasing Mg#
for both LFT and HFT eclogites respectively. However, the LFT eclogites display higher Mg# and
do not show coherent and continuous fractionation trends for most of the elements compared with
HFT eclogites. Within each sampling area of the study region, the eclogites have parallel REE pat-
terns with systematically increasing REE concentration with decreasing Mg#. The LFT eclogites
display LREE-enriched patterns whereas the HFT eclogites generally display LREE-depleted pat-
terns. The above geochemical features suggest that the studied eclogites represent gabbroic rocks
having different petrogenetic histories. The gabbroic character of these eclogites is also verified in
the LFT eclogite from Charakoma area were relics of the primary gabbro are preserved in the cen-
tral part of the eclogite body (Liati and Mposkos, 1990).

6. Tectonic setting

As already shown in the geochemistry section, the LFT eclogites have rift-related signatures whereas
the HFT eclogites have MORB signatures. Such speculations could represented in a Ti/Y-Nb/Y vari-
ation diagram (Fig. 4a), in which the two types of eclogites are shown; both types of eclogites share
similar Ti/Y values (~66-84 for LFT and 75-99 for HFT) but significant different Nb/Y values (0.17-
0.22 for LFT and ~0.08 for HFT). The LFT samples are plotted close to the continental cumulate gab-
bros whereas the HFT close to the oceanic gabbros; however both eclogites are shifted toward lower
Ti/Y values.

Low-Fe-Ti eclogites

The LFT eclogites have rift-related enriched-REE patterns. Trace element systematics such as the
high Ce/Nb (>6.6) and Th/Yb (1.74-7.80) ratios span over the N-MORB range for the Ce/Nb (~3.2)
and Th/Yb (~0.04). Most of the samples are plotted in the C field of the ternary diagram Nb-Zr-Y
(Fig. 4b) which corresponds to within-plate or volcanic-arc basalts; though indicates the rift-related
signatures of the LFT eclogite protolith. The geochemistry of LFT eclogites suggests formation in
a rift-related tectonic setting.
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High-Fe-Ti eclogites

The HFT eclogites have typical MORB-type REE patterns. Currently, trace element geochemistry
systematics suggest an N-MORB protolith. The Ce/Nb ratios range from 2.52 to 3.72, whereas the
Th/Yb ratios are lower than 1.02. The above ratios span over the N-MORB range for the Ce/Nb
(~3.2) and Th/YDb (~0.04). All of the samples are plotted within D field of the diagram Nb-Zr-Y, in-
dicating N-MORB signatures for the HFT eclogite protolith (Fig. 4b). Nb and Ti depletion observed
in N-MORB-normalized trace element patterns is consistent with fractionation and continuous re-
moval of minor amounts of Ti-bearing phase such as rutile. Besides, all of the analyzed samples
show negative Nb-Ta, Sr and Ti anomalies in their N-MORB normalized trace element patterns sug-
gesting that the protolith was oceanic crust, derived from a depleted mantle in a SSZ environment.

7. Conclusions-Results

The eclogites from Charakoma, Kovalo and Virsini areas are the metamorphic equivalents of gab-
broic rocks in terms of mineral assemblages, major and trace element geochemistry.

Based on the geochemical data presented on this study, the studied eclogites are divided into two
groups. The first group (Charakoma locality-LFT eclogites) displays strong LREE enrichment,
HREE depletion, low Ti and Fe contents, variable enrichments in LILE (e.g. Rb and Ba), negative
Nb-Ta, Zr and Hf anomalies and positive Sr anomalies. Their protoliths have been formed in a con-
tinental rifting tectonic environment. The second group (Kovalo and Virsini locality-HFT eclogites)
show LREE depletion and relative flat MREE-HREE on REE patterns, high Ti and Fe contents,
small to moderate LILE enrichment, variable Sr contents, HREE's similar to MORB values and ab-
sence of Nb anomalies. The protoliths of the HFT eclogites indicate formation by partial melting in
an extensional oceanic environment.
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