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A SULFUR ISOTOPE STUDY OF SULFIDES AND SULFATES FROM
THE Pb-Zn (Au,Ag) SULFIDE ORE DEPOSITS OF THE
E. CHALKIDIKI PENINSULA N. GREECE

S. Kalogeropoulos*, R. Both* * and F. Gerouki® **

ABSTRACT

The sulfur isotopic analyses of sulfide-sulfide and sulfide-sulfate pairs
in ore samples frm the Pb-Zn (Au, Ag) deposits of Olympias, M. Lakkos and M.
Petres, indicate that the ores were formed in a magmatic hydrothermal setting,
similar to that of porphyry coppers. Deposition of sulfates most likely took
place during sudden decompresssion of magma, whereas the bulk of the sulfides
were deposited from fluids that have followed a reducing path, at rather
constant redox conditions and at equilibrium temperatures in the range of
about 200 to 600°C for the whole metallogenetic system.

ZYNOYH

Icotonmtkég avaAUoetg Leuydv BgLoUXwVv OPUKTIOV Kol BgloUxwv - BOgl(kdV opu-
K1dv, nou Bplokovial og dL&eopeg oxéoelg enaehg, og delypota and 1o OgLoUxx
kol 1&opata tn¢ OAvuniéddag, M. Bdxkou kot M. Iletpdv, unodnAoUv ST T HETOAANEU-
ot anetédnooy Kat& 1n SL&pKe L ING AeLlToupylag £€vOC payuot LkoU udpoBepuLkoU
CUCTAUXTOC OUVAEOUG UE €XeIlVvo TOU NMop@UPLKOU yaAkoU. H amndBeon 1wv Be L UKDV
élafe xOpo, pdAAov KaT& 1NV CIIOCUNII{ £0N TOU HOYUXT LKOU CUCTHUATOG, £VO €Kelvn
Tou xuplou éykou 1wV BeloUxwv OpUKT®OV, oand diLaAUpata Iou akoloUlnoov £vo
ovayey Lkd neptB&Aiov. H anéBeon yvia exk&otn twv kuplev e&koeswv andbeong £yLve o€
OXeTLKE oTaBepéc ofeLdoavaywyLlKEG OCUVOAKEC KXL YIX TO OAO HETXAAOYEVETLKO
oUoTnua o Oepuokpociec mou xupalvovial and 220~600°C.

INTRODUCTION

The Olympias, Madem Lakkos and Mavres Petres Pb-Zn (Au, Ag) sulfide deposits,
are hosted primarily in marbles of the Kerdylia Formation, which together with
the Vertiskos Formation, constitute the polymetamorphic terrain of early
Paleozoic or older age (Fig. 1), which has been known as Servo-Macedonian
Massif (SMM). (Kockel et al. 1977, Kalogeropoulos et al. 1989, Frei 1992,
Sakellariou 1988, Mantzos 1991).

The SMM was deformed and regionally metamorphosed (Patras et al. 1986,
Sakellariou 1988) and during Tertiary it was intruded by magmatic dykes and
stocks. (Ierissos 42-52 Ma, Sithonia 38-54 Ma, Fissoka-Alatina 32 Ma, Skouries
20 Ma, J.C. Papadakis 1971, Altherr et al. 1976, Kondopoulou and Lauer 1985,
Frei 1992).

Based on geological evidence, stable/radiogenic isotope data and fluid
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inclusion studies on these deposits (Kalogeropoulos et al. 1989, Kilias 1991,
Gilg 1993), it was concluded, that the ores formed in a Tertiary magmatic-
hydrothermal setting with the sulfides being deposited along faults and
replacable units (i.e. marbles).

However, despite these studies, the published sulfur isotope data base is
lean. This paper presents a significant number of sulfur isotope data analyses
on sulfides and sulfates and aims at the determination of 1) the sulfur isotope
composition of sulfides and sulfates, 2) the equilibrium temperatures of
coexisting sulfide-sulfide and sulfide-sulfate pairs and 3) the evaluation of
the possible sources of sulfur.

SAMPLING AND ANALYTICAL TECHNIQUES
A total of 46 ore samples were collected. The 36 samples were from the
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Fig. 1. Simplified geological map of E. Chalkidiki N. Greece (after Kockel et
al. 1977).

Eix.1l: ATAONO LNUEVOC YEWAOYLKOC X&PTING tNng Av. XodkL3txAg, B. EAA&Sa (Katk
Kockel et al. 1977).
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underground workings of the Olympias, Madem Lakkos and Mavres Petres deposits
and the 10 samples were from Madem Lakkos drill-holes. The minerals, at various
contact relations, were hand picked from the ore specimens. The purity of the
single mineral separates was better than 97 per cent.

The analyses were performed at the Department of Geology-Geophysics of
Adelaide University, Australia by Prof. R.A. Both. The results are expressed
in the standard 8-notation in per mil (®/oo) with respect to the Canon Diablo
Troilite (CDT). Standard analytical uncertainties are = 0.2 (°/oo) for 534g
and + 0.3 (°/oo) for A 5345, The sulphur isotope results together with the
calculated equilibrium temperaturs for the galena-sphalarite pair and the
anhydrite-pyrite pair are presented in Table 1 and plotted in the histograms

of Figure 2.

SULFUR ISOTOPE DATA
ne21 ne23 The 5345 (°/00) values (mean * 1sd)
;;g; :;g% for pyrite, sphalerite and galena are
1.14x0.66, 0.84x0.45, -1.14+1.28 re-
spectively, whereas for anhydrite is
Ny 13.9+0.9. Thermodynamic considerations
n=17  n=23 (Sakai, 1968) and experimental data
-am  %-0%e (Kajiwara and Krouse, 1971) indicate,
that under isotopic equilibrium con-
ditions, the 534S values of the coex-
isting sulfides should decrease in the
n:z12  n=21 order pyrite > sphalerite > galena.
e Eo The majority of the examined samples
follow this trend (Table 1), indicat-
8 per mil ing thus equilibrium. It is known
(Ohmoto and Rye, 1979) that under sulfur
tope composition of sulfide isotopic equilibrium conditions, the
minerals from the Olympias - fractionation factor between coexist-
M. Lakkos {(plus M. Petres) ore 1ing sulfide mineral pairs varies, as a
deposits. function of their formation tempera-
Eix. 2: Katavopl LOOTONLXAG OUJTaong ture, if no post-crystallazation iso-
feioy, anmd Oerobxa opuxt&, &= tope exchange took place. The small
n6 T xoltdopata OMMMLASOG - gifference in 534S values between the
M. A&xkrkou (xat M. Tetpav) . . .
pyrite-sphalerite and pyrite-galena
. pairs makes them unreliable
geothermometers. The sphalerite-galena pair, is the most reliable and widely
used sulfur isotope geothermometer, due to its tendency to equilibrate faster,
than the other two mineral pairs (Kajiwara and Krouse, 1979) and it is
therefore used for the temperature estimates.

The temperature range of 200-600°C obtained from the sulfur isotopes, is in
good agreement with the temperatures obtained from £fluid inclusions
(Kalogeropoulos et al., 1989, Gilg, 1993), indicating that sulfur isotopes
have attained equilibrium.

Sulfur isotope exchange between sulfate and sulfide in solution, is kinetically
- inhibited because of the large valence difference between oxidized and reduced
sulfur species. Sulfur isotope equilibrium between aqueous sulfur species is
obtained only at intergration time and temperatures in magmatic environments
(Rye et al., 1992). The expefimental work of Ohmoto and Lasaga (1982) indi-
cates, that the time to obtain sulfur isotope equilibrium between aqueous
sulfate and sulfide in acid solutions, ranges from days at 200°C to minutes at
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Fig. 2. Distribution of sulfur iso-
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Table 1l:Sulfur

isotope data (63450/00) from the Olympias and M.Lakkos/M.
Petres Pb-Zn (Au, Ag) sulfide ore-bodies , Chlakidiki Peninsula, N.
Greece and Delta (A) values of coexisting sphalerite-galena and
anhydrite-pyrite pairs with isotopic temperature (°C)
parentheses (after data of Ohmoto) and Rye, 1972).

estimates in

Hiv. 1: Icotomixk& Jedoupéva (63450/00) and 1a BegLoUxa xoltdopoata Pb - Zn  (Au,

Ag) 1n¢ OAupniadag, M. Néxxou / M. Tletpdbv 1n¢ XaAxidixAg, B. EAAN&Sa
XKOOOC xXol TLHEC AfATa (A) amd ouvundpyovia eUyn opaAiepitn - yoaAnvitn
kot ovudpitn - nupitn He oviioTtolxeg umohoyiobeloec Bepupoxkpaciec (°C)
(oUppwvoa pe dedopéva and OChmoto and Rye, 1979).

Sample Py Sph Gal Anhd Asph-gal Aanhd-py

(°C) (°c)

OLYMPIAS 345 34g 34g

OL-160 BAy 1.2 0.3 -1.3 1.6(400°)

0L-160 Ay 1.0 0.4 -1.6 2.0(330°)

OL-160 As 1.6 0.6 -0.9 1.5(424°)

OL-160 Ay 1.3 1.0 -

OL-160 Ag 1.5 1.0 -1.1 2.1(3139)

0L-160 Ag 1.1 0.5 - -

0L-174 A 1.3 1.1 -0.6 1.7(381°)

OL-160 Ag 0.4 0.8 -0.9 1.7(381°)

OL-184.5 Ajg 1.1 1.3 - -

OL-184.5 Aq; 2.0 0.9 - -

0L-184.5 Ajqp 2.0 1.6 -0.4 2.0(330°)

OL-184.5 Aq, 1.1 0.4 -0.8 1.2(503%)

0L-195 Aq3 1.8 1.0 -1.0 2.0(330°)

O0L-40% 1.3 0.7 - -

OL* 0.8 0.5 -

OL-68.1% 1.0 0.0 -1.3 1.3(472°)

OL-68.2% 0.7 0.0 -

OL-76.2% 0.1 -1.4 -

0L-76.2 B* 1.0 0.5 -

OL-76.8% 0.4 -

OL-84.2% 1.1 -

MADEM LAKKOS

ML 120 Aq 2.2 1.6 -0.4 2.0(3309)

ML 120 Ay -0.3 0.1 ~1.8 1.9(34%)

ML 120 Ag 2.4 1.4 -0.1 1.5(424°)

ML 120 A3 1.8

ML 108 Dy 0.7 -1.3 2.0(330°C)

ML 105 Ag 0.8 1.2 -0.2 1.4(447°)

ML 93 Ag 1.1

ML 78 A 1.5 1.3 -0.6 0.9(624°)

ML66S10 A

ML66S10 C 1.5 1.3 -1.6 2.9(227°)

ML66S11 0.6 -1.4 2.0(330°)

ML66S12 0.4 -0.6 1.0(577°)

ML66S13 0.9 -0.6 1.5(422°)

ML66S14 1.1 ~0.4 1.5(422°)
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.4(2759)
.9(473%)
.0(3309)
.1(3149)

~-1.
-1.
. -
-1.

ML66515

ML66S16 A

ML66S16 B -
ML66517

ML66S18

ML66S19

ML66520

ML 78.1%

QO O =
~ =N e
= W
NN O N

1.0 -1.5 2.6(2559)
0.7 2.5(265°)

O O OO
O W O U D
I
—
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DRILL HOLES 3 0S

KOYL 8K39
KOYL 8K53 13.5 14.1(462°)
KOYL 8K57
KOYL 8K58
KOYL 8K60
AGNICSK42
MOR 18K17
17 OP6540
17 0P6541
17 OP6549

14.1 13.8(469°)

14.1 13.6(475°)

NN O OO
U O JuUwww

MA S PE S

-0.7 1.8(360°)
-0.4 1.6(401°)

Mp S21 1.3
MP 522 1.1
MP 247*
MP 160*

O
o N

* Note: Samples with asterisk (8) are from Kalogeropoulos et al. (1989).
Uncertainties of temperatures are 25°C at 200°C and #80° at 600°C.

400°C. Temperatures obtained from our sulfide-sulfate pairs range from 460-
475°C indicating that on the basis of the above mentioned experimental result
the sulfide-sulfate species must have attained equilibrium. Our calculated
equilibrium temperatures are also corraborated from fluid inclussion data
(Gilg, 1993).

ORIGIN OF SULFUR

The Madem Lakkos anhydrite sulfur isotope ratios range from 13.5 to 14. 1
/00 (Table 1). This range when plotted on the sulfur isotope age curve for
marine sulfates of Claypool et al (1980) (Fig. 3), indicates that if our
sulfates were of marine origin and thus, syngenetic, their age, as depicted
from Figure 3, would be either late Paleozoic or early Mesozoic. However, based
on an early Paleozoic or older age that has been assigned to the Kerdylia rocks
(Kockel et al. 1977, Sakellariou 1988, Mantzos 1991, Frei 1992, Gilg 1993), it
can be concluded that our sulfates are not of syngenetic but rather of
epigenetic origin.

The sulfur isotope data on sulfides and sulfates of the present study are
plotted on Figure 4, for comparative purposes, with similar data from porphyry
copper systems of the American Cordilleran (Ohmoto and Rye, 1979). This
comparison indicates the similarity of the sulfur isotope characteristics of
the studied sulfide ores with those of the porphyry copper systems. Moreover,
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the narrow range of sulfur isotope ratios of all the sulfides and their
proximity to OO/OO, combined with the rather limited occurrence of the
sulfates at Madem Lakkos, suggest the combined effects of high reduced/
oxidized sulfur species ratios, relatively high temperatures and sulfur min-
eral isotopic composition close to that of the original fluid (Ohmoto 1972,
Rye and Ohmoto, 1974). Therefore the approximated 5345 values of the ore fluids
during sulfide mineralization would be near OO/Oo . This value is within the

T T — Bl Fig. 3. Sulfur isotope data for M. Lakkos

K).nwcmuu(m 100 | A .
|7 anwvoRITE anhydrite relative to sulfur iso-
i‘r tope age curve for marine sulfates.
|RT 2002 fafter Claypool et al. 1980). The
\Pr g shaded area is an estimate of the
ﬁ_ 3005 uncertainty of this curve.
ol =é Etx. 3: Iocotonikd O&edopéva Beiovu and o-
S| 4°°th vudpitec ToUu M. AGKKOU O OXE0n HE
O\: 2 Inv Lootontkh KoaunUAn niixki{ag 10U
2‘ 500 8eiou and sPRanopiteg (xat& Claypool
_J' et al. 1980). H vypoauuookiLaouévn mne-
r ) 600 proxn vmodeitkvUel 1o OpLa aBefoald-
5 10 5 o 3 ES) » TNTQG 1N¢ OUYKeERpLuévnNg KaunUuAng.
5250700

P
e
valley Copper 8.C. Py o £3 Sulfotes
Croigmont, BE. __seuererSEEDY,
Butte, Mont. P sy =

Binghom , Utan P

Tintic,utah

e T e, Fig. 4. Schematic presentation of sulfur
Morys dole, utan isotopic data of E. Chalkidiki sulfide
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Ing Av. XoAkidLkAG og oxéon pe 1a avii-
ot a STOLXX TWV OUCTNUATWV TMOPPUPELKOU YaA~

koU (ko1& Ohmoto and Rye 1979).

range of 5345 fluid derived from granitic magmas (-3 to 7°/00) (Chmoto and Rye
1979) and the 5345 fluid values of an intergrated crustal average attained by
circulating hot fluids that mobilize sulfides from deep seated crustal rocks
(Rye 1993).

Within a magmatic hydrothermal context as indicated above, the sulfates
(i.e. anhydrite) are deposited from fluids leaving the magma upon a sudden
decompression where they become SO0,-rich (Gerlach 1993). Subsequently, the ore
forming system follows a reducing path (Rye 1993) depositing the main bulk of
the sulfides.

CONCLUSIONS
According to our study the following conclusions can be deduced
1) Sulfur isotope temperatures obtained from coexisting sphalerite-galena
pairs and anhydrite-pyrite pairs, when compared with known homogenization
temperatures from fluid inclusions indicate that the sulfur isotope system
Wneoiakn BiBAI0Brkn "OedppacTtog” - TuAua Mewloyiag. A.MN.O.
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attained equilibrium.

2) The small variation of the 534S value within and between the coexisting
sulfide minerals, suggests a homogeneous sulfur source and rather constant
redox conditions at their deposition.

3) The 534S value of the ore forming fluids during the main sulfide
deposition falls within the respective range of fluids derived from granitic
magmas and/or the range of 5345 fluid values attained by circulating hot fluids
that mobilize sulfides from deep seated rocks.

4) The 834s values of our sulfates cannot be related to sulfates of
sedimentary origin (i.e. evaporites) of early Paleozoic or older age, as is the
age assigned to the rocks of the Kerdylia Formation. On the cotrary it falls
within the 534S value of sulfates formed in magmatic hydrothermal systems
(i.e. porphyry copper systems). In the latter systems the sulfates are
envisaged to have precipitated early from fluids leaving the magma during
sudden decompression, whereas the bulk of the sulfides have precipitated from
fluids that subsequently followed a reducing path.
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