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SCHWEIZ. MINERAL. PETROGR. MITT. 75, 387-398, 1995

Titanite-rich carbonates from the Therapio area
in Thrace, Northern Greece: constraints of the
mineral assemblage formation

by A. Kassoli-Fournaraki', K. Michailidis', I. Zannas® and S. Zachos?

Abstract

The present study examines the mineral composition and paragenesis of titanite-rich impure marbles and calc-sili-
cate rocks, occurring as layers in pure marbles and amphibolites/gneisses in the Therapio area of Thrace, Northern
Greece. These lithologies are crosscut by a network of pegmatite veins. The main mineral constituents are calcite,
titanite, amphibole, clinopyroxene, plagioclase, zoisite, clinozoisite and quartz with minor chlorite and mica. Chem-
istry and mineralogic composition of the impure marble and calc-silicate layers are attributed to inhomogeneities
of the sedimentary protoliths enhanced by metasomatic processes related to an amphibolite-facies metamorphism.
Additional compositional variations in the minerals were caused by the pegmatite vein formation. Temperatures of
540-660 °C and pressures not exceeding 7 kbar are inferred for the studied carbonate rocks, according to the ob-
served mineral equilibria and phase reaction diagrams. The minerals formed, imply a high activity of H,O relative

to CO, for the metasomatic fluid.

Keywords: titanite, calc-silicates, impure marble, metamorphism, metasomatism, Therapio, Rhodope massit,

Greece.

Introduction

Titanite is a common accessory mineral found in
a large variety of rock types (DEER et al., 1982).
Studies of titanite-bearing metamorphic assem-
blages (e.g., BUDDINGTON et al., 1963; MAKAN-
JouLa and Howig, 1972; HARLEY and BUICK,
1992) and experimental determination of titanite
stability relations (e.g., COOMBS et al., 1976; HUNT
and KERRICK, 1977) suggest that titanite is a use-
ful mineral phase for constraining P-T-X, con-
ditions of metamorphism. In addition, its chemis-
try is controlled by many variables such as bulk
composition, fluid phase, and grade of metamor-
phism (e.g., FRANZ and SPEAR, 1985; GILBERT et
al., 1990; GRAPES and WATANABE, 1992).

In the present study, the composition of tita-
nite and its paragenesis in the impure marbles
and calc-silicate rocks of the Therapio area are

examined. The purpose of this study is to focus
on the metamorphism of the titanite-bearing car-
bonate rocks and to attempt an interpretation of
the mineral formation by clarifying the relation-
ships between reaction textures and mineral
equilibria.

Location and petrography

The investigated area is situated 2 km northwest
of the village Therapio, in Evros County of
Northern Greece (Fig. 1). Geotectonically, it be-
longs to the "Upper Tectonic Unit" (according to
ParanikOLAOU and PANAGOPOULOS, 1981) or to
the "Low Marble-amphibolite Series" (according
to DIMADIS and ZACHOS, 1989) of the Rhodope
massif. The Rhodope massif of Northern Greece
mainly consists of metamorphic rocks, including
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marbles, schists, augen gneisses, pelitic gneisses,
and amphibolites.

In the area to the northwest of Therapio, the
marble includes layers of calc-silicate rocks,
schists, gneisses and amphibolites. A network of
veins of pegmatitic composition, ranging in thick-
ness from some cm up to 1.5 m, crosscut the
above lithologies. The rocks of the study area
have been subdivided as follows:

1. Marbles

2. Impure marbles

3. Calc-silicate rocks

4. Amphibole gneisses and amphibolites

5. Pegmatite veins

With the exception of the pegmatitic veins, the
above rocks are mainly interlayered. The calc-sili-
cates form thin layers or boudins in the marbles.

Minerals present were determined optically in
thin sections, and the assemblages of representa-
tive samples are given in table 1. As can be seen,
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the marbles are mostly monomineralic, with cal-
cite as major phase, and with minor muscovite.
Traces of quartz, zoisite and plagioclase were no-
ticed locally, particularly in sites adjacent to calc-
silicate layers. The mineral assemblage of the
calc-silicate layers consists of titanite, calcite,
zoisite/clinozoisite, clinopyroxene, plagioclase
(oligoclase), amphibole and quartz; the same
minerals plus chlorite and mica (biotite, musco-
vite) are also observed in the impure marbles.
The texture in all the above rock types is grano-
blastic.

Calcite occurs as coarse to medium sized crys-
tals, is multitwinned and often deformed. Recrys-
tallization of calcite grains is frequently observed
mainly at the rims of the coarse grains.

Amphibole occurs both as magnesiochorn-
blende and as actinolitic hornblende. Magnesio-
hornblende was initially formed and exists main-
ly as relics within clinopyroxene (Fig. 2). Actin-
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Fig. 1 Simplified geologic sketch map of Eastern Rhodope massif, Northern Greece, and geographic position of

the Therapio area.
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Tab. 1 Mineralogy of the Therapio main lithologies.
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Minerals present
Sample Rock type
Cc Ti Zo/cZo Pl Py Am Qz Bi Mu Chl K-F
Th-1  Marble + -
Th-2  Marble +
Th-3  Impure marble + + + + + + + +
Th-4 Impure marble + + + + + + + +
Th-5 Calc-silicate + + + 4
Th-6  Pegmatite + + + + +
Th-7 Amphibole gneiss + + + + + +
Th-8 Impure marble + + + + +
Th-9a Calc-silicate + + + + +
Th-9b  Calc-silicate + + + + + + +
Th-9¢  Calc-silicate + + + + + + +
Th-9d Calc-silicate + + + + + + +
Th-9¢  Calc-silicate + + + + + +
Th-10  Impure marble + + + + +
Th-12  Calc-silicate + + + +
Th-13  Marble + +

C ¢ = calcite, Ti = titanite, Zo = zoisite, cZo = clinozoisite, Pl = plagioclase, Py = pyroxene, Am = amphibole,
Qz = quartz, Bi = biotite, Mu = muscovite, Chl = chlorite, K-F = K-feldspar

olitic hornblende results from the breakdown of
either clinopyroxene or magnesiohornblende,
and thus is clearly younger than magnesiohorn-
blende. Quartz is released during these replace-
ments, and calcite plus titanite accompany the re-
actions. Quartz and calcite are commonly found
in contact, without sign of reaction to produce
wollastonite. Intergrowths of actinolitic horn-
blende and clinopyroxene are abundant and doc-
ument the replacement. Complex poikilitic struc-
tures of clinopyroxene, magnesiochornblende, ac-
tinolitic hornblende and quartz are frequently
observed (Fig. 2). "Myrmekitic" quartz inclusions
in amphibole are also noticed. In many cases, pla-
gioclase, formed at the expense of amphibole, is
observed as inclusions in magnesiohornblende.
More rarely, thin laths of muscovite were ob-
served to be enclosed by amphibole. Zoisite fre-
quently forms at the expense of magnesiohorn-
blende. This intergrowth is always accompanied
by quartz and sometimes by caicite.

Titanite occurs mostly as disseminated euhed-
ral to subhedral crystals (Fig. 3), is sometimes
twinned, and ranges in size from 1 mm up to
more than 2 cm. Occasionally, it contains small in-
clusions of quartz, calcite and/or plagioclase. It is
also found in intergrowths with magnesiohorn-
blende.

Zoisite/clinozoisite occur as large subhedral
to anhedral crystals which frequently display
strong optical zonation (Fig. 4). Backscattered
electron images revealed that the mineral is ei-

ther concentrically zoned or displays a patchy zo-
nation. The cores are mostly zoisite, sometimes
forming intergrowths with muscovite. The rims
consist of younger clinozoisite, which replaces
zoisite with plagioclase accompanying the reac-
tion. Zoisite is also found as a reaction product
between plagioclase and calcite. Characteristic
intergrowths of zoisite or clinozoisite with plagio-
clase, titanite, calcite or quartz, are frequently ob-
served. Sometimes, when clinozoisite crystals oc-
cur between calcite grains, fine laths of muscovite
are observed as coronae around clinozoisite.

Plagioclase occurs either as individual anhed-
ral to subhedral twinned crystals or as inclusions
in clinopyroxene, titanite, amphibole, and clino-
Zoisite.

Chemistry

ANALYTICAL TECHNIQUES

Microprobe analyses were carried out on a LINK
AN 10000 EDS microanalyzer. The following op-
erating conditions were chosen: 15 kV accelerat-
ing voltage, beam current 3 nA, surface electron
beam of 1 pm diameter, and counting time
100 seconds. Corrections were made using the
Z.AF-4/ FLS software provided by LINK. Natural
minerals or synthetic equivalents and pure metals
were used as probe standards.

Bulk-rock chemical analyses were obtained
by atomic absorption spectroscopy {(Perkin-



Fig.2 Relic magnesiohornblende (hb) within poicilitic
assemblage of pyroxene (py) + quartz (qz). Scale bar =
0.5 mm.

Fig. 3 Titanite (ti) euhedral crystals associated with
zoisite (zo), magnesiohornblende (hb) and quartz (qz).
Scale bar = 0.5 mm.

Fig. 4 Strongly zoned zoisite/clinozoisite (zo/czo)
grain, associated with quartz (qz), plagioclase (pl) and
pyroxene (py). Scale bar = 0.5 mm.

Elmer PE-603) performed on solutions obtained
by acid digestion of whole-rock powders.

Calculation and display of P-T-X phase dia-
grams was performed using the GE@QCALC soft-
ware (BERMAN et al., 1987).

MINERAL CHEMISTRY

Representative analyses of the main mineral
phases occurring in the carbonates, are given in
tables 2 and 3. Total iron is expressed as Fe,O; in
the minerals titanite and zoisite/clinozoisite, and
as FeO in the other phases.

Titanite. Two normalization procedures were
tried for calculating the structural formula: one
on the basis of 5 oxygen atoms and the second on
the basis of = cations = 3.000. No considerable
difference resulted, and thus the normalization
on the basis of 5 (O) is presented in table 2. Flu-
orine, though possibly present (e.g., FRANZ and
SPEAR, 1985; GIERE, 1992), could not be analyzed
by EDS.

The major oxide CaO shows a variation be-
tween 27.51 and 29.58 but, except for a few anal-
yses, most values are close to the ideal value
(28.60 wt%) for pure titanite. SiO, shows a slight-
ly larger variation (28.43 and 31.14) than CaO, es-
pecially towards values lower than the stoichio-
metric composition (30.6 wt%). Similar devia-
tions were found by FRANZ and SPEAR (1985) and
BERNAU and FRANZ (1987). TiO, is always lower
than the ideal value of 40.75 wt%, ranging be-
tween 36.97 and 38.25 wt% with most values
around 37 wt%. This is mainly due to the pres-
ence of Al,O;, which was detected in concentra-
tions varying from 1.46 to 2.36 wt%. The content
of Fe,O5 remains always between 0.16 and 0.83
wt%. MgO, MnO, Nb,Os, Na,O and K,O display
very low values (< 0.4 wt% ), whereas V,05 yields
values up to 0.78 wt%, Y,O; up to 0.94 wt% and
Ce,O5 up to 1.01 wt%. No statistically significant
correlations between Al,Os, Fe,05 and TiO, were
found; the same is also true for Y, Ce and V, prob-
ably due to the EDS analytical method. Good
correlations among these elements, however, are
documented in the literature (e.g., CLARK, 1974,
BERNAU and FRANZ, 1987). The formulae calcula-
tions yielded cation coefficients for both Si and
Ca near 1.000, and hence, substitution for these
elements is not important.

No essential zonation of the titanite crystals
was observed; some slight chemical differences
were determined but no systematic changes were
seen even in backscattering electron images.

Amphibole is actinolitic-hornblende to mag-
nesiohornblende in composition (Tab. 2), accord-
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Tab. 2 Representative EDS-analyses of titanites, amphiboles, plagioclases and calcite from the Therapio titanite-
rich carbonates.

Titanites Amphiboles Plagioclases Calcite
1 2 3 4 5 6 7 8 9 10 11 12
Si0, 2843 29.05 2879 30.70 29.86 50.86 5138 4511 65.55 6420 028 040
TiO, 3697 37.60 3823 37.07 3744 028 006  0.60 0.00 0.00 0.00 0.00
ALO, 217 185 1.69 154 153 534 528 10.95 2077 22.20 003 001
Fe,O; 071 044 016 060 047
FeO 10.03 537 15.59 0.26 0.09 022 029
MgO 011 015 000 002 000 1528 2149 10.88 0.00 0.00 086  0.81
MnO 000 000 009 000 000 006 004 016 0.05 .29 0.00 0.08
Nb,Os 000 005 017 000 000 008 031 0.24 0.20 0.08 0.02  0.00
CaO 2836 2831 2857 2781 2763 12.48 12.16 11.65 2.28 2.68 50.80 50.29
Na,O 010 0.04 000 011 01t 078 078 1.87 10.03  10.26 000 001
K,O 001 009 016 0.00 000 034 023 0.89 0.19 0.21 0.00  0.00
Y,0, 077 066 017 062 041 055 030 068 032 0.01 0.00  0.08
Ce,O; 153 088 041 0.67 0.69 002 004 o011 0.00 0.00 0.00 019
V,0s 031 007 016 000 078 004 002 006 0.13 0.09 006  0.04
Total 9947 9919 98.60 99.14 98.92 96.14 9746 98.79 99.78 100.11 5227 52.20
Structural formulae on the basis of:
5[0] 23[0] 32[0] 6[0]

Si 0951 0968 0961 1.016 0.990 7416 7236 6.661 11585 11.339 0.030 0.043
Ti 0.930 0942 0960 0922 0933 0.031 0.007 0.067 0.000 0.000 0.000  0.000
Al 0.086 0.073 0.067 0.060 0.060 0918 0876 1.906 4326 4.621 0.004 0.001
Fe 0.018 0.011 0.004 0.015 0.012 1223 0.632 1.925 0038 0.014 0020 0.026
Mg 0.006 0.008 0.000 0.001 0.000 3321 4510 2.395 0.000  0.000 0136 0.128
Mn 0.000 0.000 0.003 0.000 0.000 0.008 0.005 0.020 0.008  0.043 0.000 0.007
Nb 0.000 0.001 0.003 0.000 0.000 0.005 0.020 0.016 0.016  0.007 0.001  0.000
Ca 1.016 1.010 1.022 0986 0.982 1.949 1835 1.844 0431  0.508 5767 5.726
Na 0.007 0.003 0.000 0.007 0.007 0219 0213 0.536 3438 3514 0.000 0.002
K 0.000 0.004 0.007 0.000 0.000 0.064 0.041 0.168 0.044 0.046 0 000 0.000
Y 0.014 0.012 0.003 0.011 0.007 0.042 0.023 0.054 0.030  0.001 0.000 0.005
Ce 0.019 0.611 0.005 0.008 0.008 0.001 0.002 0.006 0.000  0.000 0.000 0.007
v 0.007 0.002 0.004 0.000 0.017 0.004 0.002 0.006 0.016  0.011 0.004 0.003
*X g 073 088 055

Fe 027 012 045

Xan 0.11 0.13
Xab 0.89 0.87

Analyses 1, 2, 9 derive from Th-9¢ rock samples (Tab. 1), analyses 3, 10 from Th-9d, analyses 4, 5 from Th-9a, analy-

ses 0,7,8, 11 from Th-10 and analysis 12 from Th-8.

*Xme = Mg/(Mg + Fe), Xy, = Fe/(Fe + Mg), X,,, = Ca/(Ca + Na), X,;, = Na/(Na + Ca)

ing to the LEAKE (1978) classification. Among the
trace elements Y,0O5; was detected in amounts up
to (.85 wt%.

Plagioclase. Plagioclase is acid oligoclase
(Tab. 2) displaying small differences between in-
dividual crystals and inclusions in pyroxenes or
amphiboles; plagioclase included in pyroxenes or
amphiboles are slightly more An-rich than indi-
viduals. From the rare elements Y displays note-
worthy concentrations reaching values as high as
1.10 wt% Y,0s;, while Nb,Os is up to 0.29 wt%.

Calcite is nearly pure calcite with a very small
(<1 wt%) MgO content (Tab. 2).

Zoisite/clinozoisite. Zoisite/clinozoisite struc-
tural formulae were calculated on the basis of
12.5 oxygen atoms (Tab. 3). CaO ranges between
23.86 and 24.47 wt% in zoisite, and between 17.24
and 24.83 wt% in clinozoisite. Al,O; is higher in
zoisite (35.05-36.19 wt%) than in clinozoisite
(21.78-28.75 wt %), whereas Fe,O; is much lower
in zoisite (0.65-1.92 wt%) than in clinozoisite
(5.96-10.36 wi%). The pistacite content is very
low in zoisite (0.01-0.03 mole%) and higher in
clinozoisite (0.12-0.24). Nb,Os;, V,05 and Y,0;
show low values in both zoisite and clinozoisite
(Nb,0s: < 0.35 wt%, V,05 < 0.18 wt%, Y,0s:
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Tab. 3 Representative EDS-analyses of zoisites, clinozoisites and pyroxenes from the Therapio titanite-rich car-

bonates.
Zoisites Clinozoisites Pyroxenes
1 2 3 4 5 7 8 9 10 11 12

SiO, 3590 3438 36.66 3571 38.70 3830 3761 39.72 52.61 5282 5352 3379
TiO, 010 010 0.05 0.06 002 000 025 0.08 007 005 011 0.10
ALO; 3535 3522 3577 3505 2778 2828 2845 2729 1.82 332 227 1.54
Fe, 04 1.42 1.92 088 1.71 6.66  6.63 6.26 6.62

FeO 5.95 872 592 531
MgO 0.00 000 0.00 000 009 000 006 012 14.00 1194 1302 1375
MnO 0.17 013 0.02 0.00 006 0.02 004 0.15 0.35 029 013 000
Nb,Os 018 017 0.31 0.00 0.35 0.01 018 0.29 000 022 015 007
CaO 2438 2447 2386 24.07 2397 2436 23.85 23.86 23.74 2119 2241 2390
Na,O .00  0.00 6.00  0.00 024 0.08 002 003 1.15 1.62 1.41 0.88
K, O 0.00 0.00 0.00 0.00 006 0.05 0.05 0.00 0.00 000 000 0.00
Y50, 039  0.00 055 023 037 048 0.8 0.44 0.00 008 051 0.12
Ce,0, 0.04 035 0.00 0.00 000 0.00 004 0.00 0.04 000 026 017
V5,05 0.00 012 0.00 0.06 0.00 0.03 0.00 0.00 013 033 016 011
Total 9793 96.86 98.10 96.89 9830 9824 9739 98.60 99.86 100.58 99.87 99.74

Structural formulae on the basis of:
12.5[0] 12.5]0] 6[0]

Si 2756 2682 2794 2764 3007 2978 2950 3.068 1955 195 1982 1.989
Ti 0.006 0.006 0.003 0.004 0.001 0.000 0015 0.005 0002 0001 0003 0.003
Al 3.198 3.238 3.213 3.198 2544 2592 2630 2484 0080 0.145 0.099 0.067
Fe 0.082 0.113 0.05s1 0.100 0.389 0388 (0370 0.385 0.185 0270 0183 0.164
Mg 0.000 0.000 0.000 0.000 0.011 0.000 0.007 0.014 0.776 0659 0.718 0.757
Mn 0.011 0009 0.001 0.000 0.004 0001 0003 0.010 0.011 0009 0.004 0.000
Nb 0.007 0.006 0.011 0.000 0.012 0000 0006 0.010 0.000 0.004 0.003 0.001
Ca 2005 2045 1948 1996 1995 2030 2004 1974 0.945 0.841 0889 0.947
Na 0.000 0.000 0.600 0.000 0.035 0.013 0.003 0.004 0.083 0117 0101 0.063
K 0.000 0.000 0.000 0.000 0.006 0.005 0.005 0.000 0.000 0.000 0.000 0.000
Y 0.016 0000 0.022 0.010 0.015 0.020 0.024 0.018 0.000 0.002 0.010 0.002
Ce 0.001 0.010 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0000 0004 0.002
v 0.000 0.007 0000 0.003 0.000 0.002 0.000 0.000 0.003 0.008 0.004 0.003
Xnme 0.81 0.71 0.80 0.82
Xre 019 029 020 018

Analyses 1, 2 derive from Th-8 rock samples (Tab. 1), analyses 3, 4 from Th-10, analyses 5, 6 from Th-9¢, analyses 7,

8,9 from Th-9d and analyses 10, 11, 12 from Th-9a.

< 0.95 wt%), whereas Ce,Q; is very low at the
margins of the crystals (< 0.35 wt%), and in-
creases considerably in the cores (2.99-4.72 wt%)
resembling allanite composition.

The only well-developed relationship noticed
among the elements, was the well-known nega-
tive correlation between Fe3+ and Al3+.

Pyroxene. Clinopyroxene displays composi-
tional inhomogeneity, occurring as patches, in the
same crystal and representing diopsidic or augitic
composition (Tab. 3). Notable amounts of Al
(1.54-3.60 Al,O;) and Na (0.81-1.62 Na,O) are
present. Small concentrations of Nb,Os (< 0.28
wt%), Ce,0; (< 0.26 wt%) and V,05 (< 0.33

wt%) were also detected. Y,0O; was detected in
relatively higher amounts up to 1.23 wt%.

GEOCHEMISTRY

Representative bulk-rock compositions of some
marbles and calc-silicate rocks are given in table
4.1t can be seen that the MgO content of the mar-
bles is very low, consistent with the absence of
dolomite and the very low Mg content of calcite.
Bulk oxidation ratios (mol%100 X 2 Fe,Oj/
[Fe,0O; + FeO]) range from 70 to 83. The slightly
higher MgO contents of the calc-silicate rocks
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Tab. 4 Whole-rock analyses from representative sam-
ples of the Therapio titanite-rich carbonates.

Th-1 Th-10 Th-9b Th-13
510, wt%  6.42 56.75 56.62 6.82
AlLO, 1.33 1045 15.77 2.58
TiO, 0.05 0.15 0.97 0.10
Fe, 0,4 0.70 177 1.85 083
FeO 0.00 0.72 1.30 0.72
MgO 0.83 2.00 3.30 (.83
MnO 0.02 0.05 0.06 0.02
CaO 49.00 18.90 14.70 48.90
Na,O 0.05 0.80 337 .15
K,O 0.08 0.08 0.10 0.04
LOI 41.57 8.20 1.65 39.00
Total 100.05 99.87 99.69 99.99
Trace elements in ppm
V(5)* 5 42 84 15
Y(4) 3 8 66 9
Sr(2) 277 609 848 255
Ba(5) 11 33 83 15
Zn(5) 5 26 47 12
Th(5) 0 12 86 0
Cu(10) 29 22 25 26
Ni(5) 9 63 61 13
Co(5) 2 12 16 4
Cr(8) 11 66 64 18

Numbers in brackets: detection lHmit.

combined with the high (relative to marbles)
Si0,, Al,Os, FeO, and Na,O values are consistent
with the occurrence of Al-bearing phases, Fe-Mg-
silicates and titanite, found within them. Among
the trace elements only Sr is present in consider-
able concentration.

Discussion

PREVIOUS STUDIES

The geological history and metamorphic evolu-
tion of the study area has not yet been worked
out in sufficient detail. The broader area has been
affected by three successive metamorphic epi-
sodes: 1) a high-pressure metamorphism, 2) a
Barrow-type amphibolite-facies metamorphism,
and 3) a greenschist-facies overprint. It is clear
that the carbonate rocks and the associated
gneisses and amphibolites of the "Upper Tectonic
Unit" were affected by an amphibolite-facies
metamorphism (LiaTt and MpOsSkos, 1990).

The highest pressures assumed for the Upper
Tectonic Unit of the Rhodope massif are at least
18 kbar (Mposkos and Liati, 1993) correspond-
ing to an eclogite-facies episode of Mesozoic age.

Temperatures between 630 and 700 °C and pres-
sures between 7 and 12.5 kbar only, were deter-
mined for the least amphibolitized eclogites.
These conditions do not reflect the peak of the
eclogite-facies metamorphism but rather an early
stage of the uplift. Pressures 7 to 9.5 kbar and
temperatures of 650 to 700 °C are given for the
subsequent Barrow-type amphibolite-facies
overprint (LI1ATI and MPOSKOS, 1990).

FORMATION OF THE IMPURE MARBLES
AND CALC-SILICATE LAYERS

As it has been mentioned before, the Therapio
area consists of alternating thin layers and lenses
of marbles, impure marbles, calc-silicate rocks,
gneisses and amphibolites. It is noteworthy that
the layers or boudins of the impure marbles
and/or the calc-silicate rocks are found between
the marble and the gneiss or amphibolite layers.

A possible explanation for the formation of
the impure marble and calc-silicate layers is:

a) They may represent local inhomogeneities
in the bedding of the sedimentary protolith. This
is supported by the spatial alternation of the dif-
ferently composed layers.

b) Compositional changes could have been
produced by a metasomatic process during the
amphibolite-facies event. With metasomatism,
elements and components from the amphibolites
and gneisses were possibly transferred to the
marble beds through circulating pore solutions
or/and by diffusion of the compounds through
stationary solutions.

c) Pegmatitic fluids could have been involved
in the metasomatic process, as well. Additionally,
these fluids could be responsible for retrogressive
phenomena in the system, as the temperature
dropped. The action of pegmatitic fluids could be
inferred by the presence of rare elements like Y,
Ce and Nb in the composition of the mineral con-
stituents.

A combination of all the three processes
could be also a possible explanation.

The local lack of re-equilibration in the min-
eral assemblages is, however, attributed to the
last two processes.

NATURE OF REACTIONS AND CONDITIONS
OF METAMORPHISM

Because the metamorphism of the amphibolites,
gneisses and carbonate rocks in the Therapio
area involved mineral reactions that liberated
H,0O and CQO,, it is likely that some intergranular



394 A.KASSOLI-FOURNARAKI, K. MICHAILIDIS, I. ZANNAS AND S. ZACHOS

phase, rich in H,O and CO,, existed in the meta-
morphic rocks which buffered the reactions dur-
ing metamorphism. Apparently, Ti, Si, Mg, Al, Fe
and K were introduced during metasomatism, en-
tering the marble layers by way of a grain-bound-
ary phase; the presence of zoisite and titanite in-
dicate that this fluid phase was presumably rich in
H,O0 relative to CO,. The introduced elements to-
gether with the local inhomogeneities of the sed-
imentary protoliths produced Fe-Mg silicates,
titanite and zoisite.

Within the above scenario, various reactions
may have produced calcic amphibole (magnesio-
hornblende and actinolitic hornblende), titanite,
clinopyroxene, zoisite/clinozoisite, and plagio-
clase in the studied carbonate rocks.

Magnesiohornblende was probably formed
during the amphibolite-facies metamorphic stage
(recorded in the area), from calcite, the initial im-
purities of the carbonate rocks and the metaso-
matically introduced elements. The first appear-
ance of titanite coincides with the magnesiohorn-
blende formation, as observed also by FERRY,
(1976). Titanium mobility in hydrothermal fluids
during metamorphic and metasomatic processes,
can lead to the precipitation of Ti-phases (VAN
BAALEN, 1993). Metasomatically formed titanite
has been referred in many previous studies (e.g.,
SORENSEN, 1988; GIERE, 1990, 1992; VAN BAALEN,
1993).

Abundant experimental information is now
available on reactions and equilibria involving Ca
- and Mg carbonates and silicates (e.g., BERMAN
1988, 1991; MCMULLIN et al., 1991). Local rock
textures of the studied calc-silicate rocks were
mainly used to identify the reactants forming the
mineral assemblages. The mineral reactions of
special interest which were used to constrain the
metamorphic conditions of the studied calc-sili-
cate rocks are:

1) 3An + Cc + W =2¢Zo + CO,

2) Sph + CO, = Cc + aQz + Rt

3) Tr + 3Cc + 7CO, = 5Do + aQz + W

4) Wo + CO, = Cc + aQz

5) 6An + Do + 28ph + 2W =4cZo + 2Rt + Di
+ 2C02

6) 9An + SDi + 4W = 6¢Zo + Tr + 2aQz

7) 9An +4Di + Do + 4W =6cZo +Tr + 2CO,

8) 33An + 5Do + Sph + 12W =22c¢Zo + Tr +
8Rt + 10CO,

9) 5Di + 3CO, + W ="Tr + 2aQz + 3Cc

10) 4Di + Do + CO, + W=Tr + 3Cc

11) Tr + 8Rt + 11Cc = 5Do + 8Sph + CO, + W

12) 5Di + aQz + 3Rt + W ="Tr + 3Sph

13) 6Rt + 11Di + 2W + 2CO, = Do + 6Sph +

2Tr

14) 5Di + 2Rt + CO, + W ="Tr + 2Sph + Cc

Phase symbols: An = anorthite, Cc = calcite,
cZo = clinozoisite, Sph = titanite, aQz = quartz,
Rt = rutile, Tr = amphibole, Do = dolomite, Di =
diopside, Wo = wollastonite.

As mentioned above, diopside was observed
to overgrow magnesiohornblende during the pro-
grade stage of metamorphism, and the minerals
are associated with calcite, quartz and zoisite.
This assemblage can be explained by the reac-
tions 1 and 9:

calcic plagioclase + calcite + water =

zoisite + (intermediate plagioclase) + CO,

3 CaAl,Si,04 + CaCO; + H)O =

2 Ca,AL;81;0,,(0OH) + CO, (1)

magnesiohornblende + calcite + quartz =

diopside + water + carbon dioxide

Ca,MgsSigO4,(OH), + 3 CaCO; + Si0; =

5 CaMgSi,O4 + H,O + 3 CO, (9)

Reactions (1) and (9) are the basis of the zois-
ite and diopside isograds (FERRY, 1976,1980). The
conversion of plagioclase + calcite to zoisite can
be explained by an introduction of H,O into the
metamorphosed carbonate rocks from amphibo-
lites and gneisses during metamorphism. A sec-
ond source of water probably was the pegmatite
network; the close spatial association of zoisite-
bearing meta-carbonate rocks and pegmatite
veins also points to the pegmatites as a source of
H,O necessary for the reaction (1). During the
following retrogressive stage, clinozoisite formed
instead of zoisite as temperature dropped.

Two reasons could be considered for the
oligoclase formation: One is that reaction (1)
changes plagioclase composition from calcic to
more sodic compositions (FERRY, 1976). The sec-
ond is that metamorphism of the carbonate rocks
took place under conditions of varying fluid com-
position (see also FERRY, 1980). In the latter case
it is impossible to establish the composition of a
fluid in equilibrium with the rocks when the vari-
ous reactions (1) and (9) proceeded.

Clinopyroxene crystals rimmed by actinolitic
hornblende clearly show that pyroxene was the
reactant for this amphibole, according to the re-
action (9) proceeding to the left. Such reaction is
regarded as retrograde reaction. Actinolitic horn-
blende occurring as individual crystals means
that the reaction has gone to completion. This re-
action could be placed in response to an increase
in the activity of H,O relative to that of CO,, or
to a decrease in temperature. Textural features
support the second alternative as more probable,
and thus we accept that most reactions occurred
in an environment of retrograde metamorphic
conditions.

A considerable supply of ALO; and Na,O
from the pegmatite veins as well as from the
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Amphibole activities were calculated according to HOLLAND and PowELL {1990). For pyroxene the equation ag
= Xca(M2) - Xy, (M1) - [Xgi(T)]* was used. Equations for H,O according to HARR et al. (1984), for CO, accord-

ing to MADER and BERMAN (1991} and for H,0-CO, mixture according to KERRICK and Jacoss (1981).
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gneisses gave rise to further Al-bearing minerals,
e.g., biotite and muscovite.

The mineral assemblages and reaction tex-
tures preserved in these calc-silicate rocks were
used to develope and evaluate petrogenetic
T-X¢o, diagrams. Figure 5 (a, b, c, d, e) presents
the position of reaction (9) curve, constructed for
five assemblages at pressure 5 kbar, using calcu-
lated amphibole and clinopyroxene activities for
each assemblage; figure 5f illustrates the position
of the reaction (9) on the basis of pure end-mem-
bers (i.e., all activities = 1.00) and at pressure
7 kbar. In the assemblages of figures 5 a, b, ¢ and
d, diopside grew at the expense of magnesiohorn-
blende (prograde stage), while in the assemblage
of figure 5e, actinolitic hornblende grew at the ex-
pense of diopside (retrograde stage). These
amphibole-clinopyroxene textural relations
match very well with the temperatures yielded in
the phase reaction diagrams of figure 5.

Figure 6 (a, b) is an isobaric T-Xq, section
calculated at 5 and 7 kbar for the designated
phase activities of assemblage a) (see Fig. 5). The
calculations and results were checked using alter-
native data-sets and experimental data (KERRICK
and Jacoss, 1981; BERMAN et al., 1987; MADER
and BERMAN, 1991). The absence of dolomite,
wollastonite and rutile and consequent absence
of the reactions 2, 3, 4 and 13 from the studied
parageneses, limit the area of interest below the
line defined by the reaction (14) at high tempera-
ture (prograde stage) and above (2) at low tem-
perature (retrograde stage) as can be seen in the
phase reaction diagrams of figure 6. The mineral
assemblage diopside + amphibole + quartz + cal-
cite as can be inferred from figure 5 a—e, implies

a temperature range above 540 °C and below
660 °C. The pressure must not have exceeded
7 kbar.

Reaction (1) lies at the extreme left of the
diagrams of figure 6, implying low X,

Given the above temperatures and pressures
as well as the mineral phases, the X, in the fluid
phase is inferred to have been low, ranging be-
tween (.1 and 0.28. The equilibrium curve calcite-
anorthite-zoisite lies at low X.o, (STORRE and
NitscH, 1972; JOHANNES and OZRVILLE, 1972).
FERRY (1976) calculated a low (0.06-0.32)
Pco,/(Peo, + H,O) value above the zoisite iso-
grad. Moreover, the presence of zoisite/clinozois-
ite and titanite in the calc-silicate zones favours
an extremely low Xco, (TuompsoN, 1971; HUNT
and KERRICK, 1977; FERRY, 1983; HARLEY and
Buick, 1992). The considerable amount of water
required to dilute the initial CO,-rich fluids in the
carbonate rocks, was possibly produced by dehy-
dration reactions in the interlayering gneisses/
amphibolites during the amphibolite facies meta-
morphism (see also LiATI, 1988), enhanced by the
pegmatitic fluids.

Conclusions

The impure marble and the calc-silicate layers of
the Therapio area (Eastern Rhodope massif,
Northern Greece) owe their unique character to
local inhomogeneities of their sedimentary pro-
toliths, which were subsequently overprinted by
metasomatic processes under conditions of an
amphibolite-facies metamorphism, recorded in
the associated lithologies of the study area.
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Additional compositional alterations of the
minerals were caused by the pegmatite vein for-
mation which crosscut all the rock types of the
study area.

Phase reaction diagrams based on mineralogy
and local rock textures, imply a temperature
range above 540 and below 660 °C and a pressure
not exceeding 7 kbar. This was the latest meta-
morphic overprint on the titanite-rich carbonates
of the Therapio area.

The minerals formed, imply a high activity of
H,O0 relative to CO,.
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