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PLATINUM, PALLADIUM AND GOLD CONTENT IN THE
PORPHYRY-Cu SYSTEMS OF THE VERTISKOS
FORMATION, SERBOMACEDONIAN MASSIF

M.ECONOMOU-ELIOPOULOS", D.ELIOPOULOS"**

ABSTRACT

, The studied porphyry copper systems, namely Gerakario,
Pontokerama Fissoka and Skouries are integral parts of
e Vertiskes Formation of the Serbomacedonian massif.
samples of altered mineralized porphyries, amphibolites close
to the porphyries and strongly oxidized altered amphibolites
from a fault zone, OP-65 (Fissoka), were analyzed for plati-
aun, palladium, gold, tellurium, arsenic and base metals.
Although the Fissoka and Skouries intrusiens have some
common geochemical features, the former differs in having
lqwer Cu and Pd content, in Dboth perphyry and amphibolite
basement, even in the local Au-bearing mineralization. Also,
the Gerakaric and Pontokerasia, with a relatively weak sil-
icification and small proportion of amphibolites among coun-
try rocks, compared to Skouries and Fissoka (0OP-65), are
accompanied by much lower precious metal content.
Mineralogical and geochemical data from the studied por-
Phyry systems suggest a similar behavior of precious metals
during their transportation and deposition and a relationship
With silicification. The presence of merenskyite (Pd-tellu-
ide) and sylvanite at Skouries, and limited fluid inclusions
from Fissoka may provide evidence for a higher tempera-
during the deposition of metals in the former than in
latter
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ZYNOPH

Ta pedeindévia MOPOUPLKA QJUCTAHPUTA OTLE TNEPLOYES Fequqi

pLovu, Hoviokepaogildag, Qrowkag kar ZIkoupLwy TNepLAdqupdvoviat Ote
IYTNHATLOUD 1oy Beptliokov ine ZepPOUaKESOVLKHS nalag, Y
ototxsla Asukdypucosg, RaAddsio, Xxpuads, TedtovpLo, QDUEVLKO
Kau BacLkd petaAda npoodSLopiodnkav og  Seiypata EEGHHOqugv“V
HETAAAOESpwyY Topupwy, aupLBoALIdy  Kovid oginy ENAPYH  10Ug u
10Ug MNMOopYUpESg KaL EVIOVE oL Bwuévuy AUPLBOAL TV ané ‘ﬂ:

onieyevh Lwvn otnvy OP-&65 (QLowka).
Av xar oL GLeLoBioerg Piowkag kAt ZKOUPLWY  EXOUY  Gpkey
KoL va YEWXNULKE XUpAKINPLAILKd N mowin Stapéper wg mpog Tny

Hrxkpédtepn wEpLektikéinta Cu kau Pd, otov wmoppupn Kt Toy
apyoBoAl1eg 1ou  unmoBdadpovu, axkdun Kkar OTLG TNERLOYES EU"30UtlE
guou g Au. Eniong, o1Lg meproyés TepaxapLol kat Hovtonqu_

oitdg, OSmou 7N aupLtiwon sivaL  oxXetLkd& aodevig KaL 1 UVGROYLQ
TWwy gUuELBoALTwy pLkKkph g€ oY Ean e Lg ZrxoupL €g KGL
Qrowka (OP-65), ouvoBevovraL and wWOAU HLKPOTEPN TEPLEKTLKS T
EUYEVRY HETGAAwv.

Ta opukioioyikd Kaur yewXnuikda Ssdopdva and  1a ueﬂernegvtq
nopygupLkd JUCTRPATIA unodnAwvouy SHOLO CcUuuneEpL@opd Twy EUYEVGy
MET&GAAWY Kkatd 1tny BLdpkewa 1ng MHETGopds kal anddeang Toyg
KaL mia oxé€on de  Tnv nmuptitiwon. H mapoucslia Tou uapavoxtitn
(P@-t1eddouplidLo) xav. 1t1ou ogudPaviin otLg ZKOUPLEG, Kadug Eﬁﬂong:
MEPLOPLOPEVT Sebougva PEUGTWV EYKAELOpGTOY andéd wnv TEPLoOYH
ine Qioukag (owg mnapéxouv evieifelg yLa uynidtepn GepuoxpaquJ
Kata v Sidpkela anddsong Twy peTdAdwvy oIy NpWwIn nsptntuoﬁ?
g oyfon pe tnv Bedtepn. X!

INTRODUCTION

Although a platinum group element (PGE) enrichment can be
the result of hydrothermal transpeort related to a leachhd‘
process from mafic - ultramafic host rocks or to alkaline por%
phyry copper mineralization (Finch et al., 1983; Werle et
al., 1984; Mountain and Wood, 1988; Macdonald, 1988; Nyman
et al., 1990; Eliopoulos and Econowou-Eliopoulos, 1991) vﬂﬁ
limited data have been published on PGE level in intermediate
and felsic rocks. 1

The Skouries porphyry copper deposit, located in the easﬁﬁ
ern Chalkidiki peninsula, northern Greece, was chosen for tﬁr‘
study of PGE concentrations for the first time in such ro#ﬁ
types in Greece (Eliopoulos and Economou-Eliopoulos, 1991
Tarkian et al., 1992) . The results of this study are
being applied to other porphyry systems of the Serbomacedoni
massif, namely Gerakario, Pontokerasia and Fissoka -more
cifically OP-65- in order to be incorporated into a metall
netic model for the porphyry systems in Jugoslavia, Bulgaf
and Greece. .

In.this paper the precious metal concentrations and ©
important components of the mineralized porphyries of
Serbomacedonian massif are given and their 1implication
their metallogenesis are briefly discussed.

WYnoeiakA BiBAI0BAKN OgdppaocTog - TuAua MewAoyiag. A.lM.O.



GEOTECTONIC  SETTING

The Serbomacedonian massif of probable Paleczoic and/or
older age, is a highly deformed NW-SE trending belt, which
includes geographically most of the Chalkidiki peninsula in
Greece and extends partly into Yugoslavia and Bulgaria. It
§8 divided into the Kerdylia and Vertiskos Formations of
KockEI et al. (1877); 1t is comprised of two-mica gneiss,
piotite-amphibolite, gneisses, amphibolite, mica schist, marble,
and locally some anatexites. The Kerdylia Formation is charac-
terized by the presence of marble and anatexite, whereas rocks
of basic to ultrabasic composition are present in the Vertiskos
Fo:mation (Fig. 1).

Regarding the Tertiary intrusions suite of the Serbomace-
donian massif they are probably related to a subduction
zone magmatism (Jancovic et al., 1980). Furthermcore, on the
pasis of combined 1lead and strontium isectepic data unminer-
alized plutonites of granitic composition (lerissos, Sithonia)
intruded during the early Eocene, followed by early to
middle OQligocene dioritic, monzonitic and granodioritic stocks
(Gerakario, Vathi, Stratoni, Tsikara) some of which are accom-
panied by sulfide mineralizations, These are distinguished
from the Miocene (18 Ma) subvolcanic-porphyritic stocks and
dykes, such as the Skouries and Alatina which are related
toe porphyry-copper type mineralization (Frei, 1990).

DESCRIPTION OF THE STUDIED PORPHYRY SYSTEMS

The studied porphyry copper systems, namely Gerakario,
Pontokerasia, Fissoka and Skouries, are integral parts of
the Vertiskos Formation of the Serbomacedonian massif.

At the Gerakario area the s3chist - gneissic host rocks are
cut by a small quartz monzonite porphyry stock. Sulfide
mineralization consists of chalcopyrite and pyrite in the form
of stockworks and disseminations. An’ ' oxidation zone including
malachite, azurite, goethite and limonite is occasionally pre-
sent . Alteration is weakly developed and dominated by a

I __K-silicate assemblage with biotite as a replacement of mafics

. 7 being the main alteration mineral. In places, weak intermediate

{ frqillic alteration overprinted the K-silicate assemblage, and is

' “ characterized by sericite/illite as a replacement of plagio-

; ;ﬁgégge and chloritization of mafics (Apostolou and Stefanidis,
| ).

{ The Pontokerasia area is characterized by the presence of

- 8mall domes of acid rhyolite compesition, with the exception

of a small one of syenitic - granitic composition cutting

the host basement, which has a very limited propertion of

Bphibolites and ultrabasic rocks (Melidonis, 1972; Apostolou

- 4nd  Stefanidis, 1987). Mineralization occurs either in the form

8 disseminations or veins and stockworks. The first type

3 B
; 'Jg Consists of chalcopyrite, pyrite, pyrrhotite and ilmenite, and
- P¥rite, galena and sphalerite (Melidonis, 1972). The main
_h#iy racteristic of the area is the development of a wide
- ®Irite - rich sericitic halo, around a central principal por-

1
|
|
| > .
\ Eégs:datlon minerals as well, whereas the second type consists of
|
!
]
{
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ohyTY stock which is K-silicate altered. In places, guartz -
magnetite atockwork is also well developed.

Small porphyry stocks at the Fissoka area intrude the
metamorphic basement which is dominated by amphibolites,
especially at the northwest part of the area. A thin zone
of sSupergene chalcosite enrichment developed ‘within the near -
gurface part of a pyritic porphyry stock has been studied

detail by Perantonis (1988). On the eastern margin of the
porphyry copper system the OP-65 prospect is located, in a
transition 2zone between the sericitic alteration and chloritiza-
tion. This alteration zone as well as the gold-bearing veins
of OP-65 are controlled by N.NW striking structures (Veranis
and Evangelou, 1990). Mineralization occurs also as dissemina-
tions and consists of pyrite, chalcopyrite, galena, sphalerite,
arsenopyrite and tetrahydrite. Ceold occurs mainly as inciu-
sions in pyrite, hosted in quartz veins (Dimou, 19%0).
the Skouries area the metamorphic basement is intruded
py @ porphyry stock, the dimensions of which are approxi-
mately 180 m north - south, 200 m east - west, and its depth
extends to at least 700 m below surface, indicating a pipe
1ike shape (Zachos, 1963; Perantonis, 1982). The Skouries
jntrusion has been described as syenite or diorite by Papada-
xis (1971), whereas Perantonis (1982} characterizes that as

gqranite.
Sulfide and oxide mineralization mainly consists of chal-
copyrite, pyrite, bornite, chalcocite and magnetite in the

form of wveins, stockworks and disseminations. WNative gold 1is

present commonly as small inclusions in chalcopyrite. The

predominant alteration type |is silicification, with quartz
being the mest common vein and vein-controlled alteration
mineral. Potassic and phyllic alteratieon types are also

present with phyllic being less common than the potassic
cne, whereas propylitic 1is very sparse.

ANALYTICAL METHODS AND RESULTS

Representative samples of mineralized porphyries and
altered host rocks (amphibolites) from the areas of Geraka-
rio, Pontokerasia, Fisscka -including samples from OP-65- and
Skouries were analyzed initially for major and common trace
elements by XRF (Table 1). Subsequently, selected samples were
dnalyzed for palladium, platinum and gold at the X-ray Assay
Laboratories, Ontarieo, Canada, using Lead Fire Assay/ICP method.
Other trace elements were analysed using Atomic Absorption Spec-
troacopy.

Precious and base metal cocentrations are given in Table
2. These results provide eonly a preliminary characterization
of the gecchemical environment since the present study is in
Progress, Although the  Fissoka and Skouries intrusions have
Some  common geochemical features the former differs in having
Ower Cu and Pa content in both porphyry and amphibolite

1; S8ement, even in the local Au-bearing mineralization, which
7F°nt&ins vnusually high values (more than 180 ppm Au) at
J'.‘SS, Also, the Cu-Au mineralization at Gerakarioc differs from

of Skouries in having low Pd content, while the Pontoker-
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Table 1. Chemical amalyses of major oxides (vt¥) and trace elemeat concentrations (ppa) of porphyry copper

intrusions, amphibolites (*) and du-Bearing zone (**}

Gerakario Pontokerasia Fissoka Skouries

la 1y le i b kEN ' Je'* Ity b {e

§i0r  70.50 86,50  8L.S0  p4.00  62.50 86,00 33,00 62.00  53.5¢  46.00 il
AlGy 14700 1568 14,50 1590 1500 k00 1L .70 fi4c 1100 9.38
Ferlly 10 1.7 .40 4,25 5,80 §.45 1580 1970 $.65 1330 el
Kot 0.9§ 103 1.0 3 an 180 108 105 1.0 113 0,48
cal 1.0 1.30 .30 1.70 1L L1 N R 1 1.00 2.0 .34
Xn0 1.02 0.0 L0 603 ¢ tM G.03  0.03 0.04 o0 0.01
Ti6; 8.2 Y] 3.48 b4l 2.2k .47 0.3%  6.2% 8.3t .01 .12
art 0,37 B.47 .50 +3b L 6.3 .30 018 A4S %, 53 0.73
fil b.00 3.70 5410 830 5,80 .95 05 L 3.50 4,10 34
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Mineralogical composition of the samples
Gerakario

1a: guartz, plagioclase, muscovite

1b: 4quartz, orthoclase, muscovite, augite, illite

le: gquartz, albite, muscovite, chlorite, augite,

Pontokerassia
2a: quartz, plagioclase, muscovite, kaolinite

2b: quartz, albite, orthoclase, muscovite, chlorite

Fissoka
3a: quartz, amphibole, chlorite, muscovite
3b: gquartz, albite, <chlorite, muscovite, Dbiotite

3e:” quartz, orthoclase, muscovite, biotite

Skouries

4a: gquartz, amphibole, <chleorite, kaolinite,

4b: quqgrtz, orthoclase, muscovite, <chlorite

4c: quartz, orthoclase, albite, kaolinite, azurite,

chite, hematite

~4d: quartz, malachite, azurite, hematite, magnetite

WYnoeiakA BiBAI0BAKN OgdppaocTog - TuAua MewAoyiag. A.lM.O.
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Table 2: Precious and base wetal concentrations of porphyry copper systess, Chalkidiki peainsoia.

ppb ppa
1] Pt M Ay Te As u Fb 1A
la. Gerakario 20 0 : 0.3 <002 12 1e0ee S0 1§
b, " 1100 <10 { Lo 003 13 sk 39 13
c. - 85 10 2 0.7 002 12 26500 40 100
a, Pontokerasia 990 10 l 8.6 0.93 12 10000 30 14
b. ' 13 it | 0.5  <0.02 14 1s000 &0 50
c. " 10 10 1 0.6 0.03 16 1200 70 60

-
Ja. Fissoka 1 g Q 9.3 <002 14 1200 30 20
b, " 45 10 ] 0.6  <0.02 18 w00 8 159
e, " 13 {0 {1 0.5 (0.0 13 #0400 120
4, " 4100 20 5 8.9 B 2200 300 2600 400
e, " 183000 w50 0 8.8 20000 §10 3200 200
4a. Skourias 670 ap 10 0.9 0.3 §  s00 40 100
b, " $00 (0 70 1.5 89 1 5000 %10 600
t. " 2004 § 10 1.1 1.5 1 18000 16 {1
d. " 7200 10 480 8.1 .1 1030 2 10
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asia exhibits both low Au and Pd contents (Table 1).

It is noticeable that Au-rich samples from Fisaoka show
relatively high Te and Ag content. The strong positive
interelement correlation {(r > 0.8) between Au, Ag, Pd and Te
at Skouries reported by Eliopoulos and Economou - Eliopoulos
(1991), seems to be supported by the present analytical data
(Tables 2 & 3) although any interelement correlation has not
been eatablished at Fissocka.

Table 3. Correlation matrix for precious and base metals freom
the Chalkidiki porphyry intrusions (data from Table 2)

Au Pt Pd Ag Te As Cu Pb Zn
Au 1.00

Pt .94  1.00

Pd .01 - .11 1.00

Ag .93 .94 .21 1.00

Te .71 .84 .16 .87  1.00

As .99 .96 -~ .03 .54 .75 1.00

Cu - .25 ~ .37 41 - .23 - .29 - .29 1.00

b .75 .90 -~ .09 .86 .94 .80 - .42  1.00

In .13 .29 - .15 .27 .39 17 - .42 .57 1.00
DISCUSSION

Precious metazl content and distribution in ores is atill
a subject of debate. They depend on complex interelated fac-
tors such as their source, mobilization, transport and depo-~
sition,
Combined lead and strontium igsotopes on porphyry intru-
slons and related sulfide mineralizations from the Serbomace-~
donian massif may suggest an extengive chemical interaction
of magmas with upper crustal rocks during magma emplacement
and hydrothermal solutions may have played an essential role
in the mineralization (Frei, 1990)}. Base and precious metal
nineralization could be related either with porphyries, repre-
senting a late magmatic phase, and/or wallrock alteration as
well, Gold + copper in porphyry type deposits which accompany
quartz stockworks is considered to be introduced with K -
8ilicate alteration, which is commonly overprinted by interme-
_:diate algillic assemblages (Sillitoe, 1991;}. The availabdble
~ 8tructural mineralogical and geochemical data from the stu-
%Jﬁied porphyry intrusions and the presence of a narrow zone of
~ frratic gold values (more than 1000 ppm Au, Veranis and
. SVangelou, 1990) in a spatial association with shear zone and
phibolites at OP-65, suggest that regional structures result-
49 from the deformation did provide the necessary permeability
- %9r hydrothermal £fluids responsible for mineralization. In con-

fast, the Gerakario and Pontokerasia intrusions with a rela-
*ively weak silicification and small proportion of amphibolites
ng  country rocks, compared to Skouries and OP-65 as well,
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are accompanied by a much lower precious metal content. Thus,
the host basement of the porphyry copper intruaions, in the
crystalline basement of the Vertiskos Formation including amphi-
bolites (metabasic rocks) may has contributed precious metals
(such as Pd, Pt, Au) to the hydrothermal system.

Besides source, late stage changes in fluid, pK, Eh, salinity
and activity of sulphur during evolution of hydrothermal system
and by discharge through previously deposited early stage sulfides
also may cause remobilization of precious metals to more distal
and shallow locations in the whole system. The mineralogical ang
geochemical data from the Skouries and Fissoka porphyry copper sys-
tems indicate an enrichment of mineralized altered rocks in Ay,
Ag, B, Bi, Te and Se (Dimou, 1990; Eliopoulos and Economou - Eliop-
oulos, 1991). In addition, a strong positive interelement correla-
tion (r > 0.83 between Au, Ag, Pd and Te coupled with their asso-
ciation with silica at Skouries are considered to suggest a simi-~
lar behavior of these metals during their transportation and depo-
sition and a relationship with silisification. Such an interele-~
ment correlation seems to be supported by analytical data frop
more porphyry intrusions {(Tables 1 & 2) with the exception of
palladium which may suggests a different behavior during mobiliza-~
tion and/or deposition.

Theoritical - experimental considerations by Hemley et al.,
(1986) indicate that base metals and silver are mobilized and
transported mainly as soluble chlorides over a wide temperature
range, in weakly acidic and relatively reduced solutions,

High temperatures (> 300°C) and high salinity would favor
chloride complexes of gold and copper, whereas low ones (<
300°C) would favor chloride complexes of silver, =zinc and
lead and the bisulfide complex of gold (Barnes, 1879; Seward,
1984; Romberger, 1988). The majority of porphyry copper deposits
from around the world contain fluid inclusions suggesting rela-
tively high temperature (300°- 500°C) and high salinity, whereas
cooler and more dilute fluids seem to have been responsible for
Au and Ag mineralization around, above and superimposed on por-
phyry copper deposits (Silliteoe, 1987; Huston and Large, 1989).

Fluid 1inclusions data on Au-bearing quartz veins from
OP-65, Fissoka, provided by Mitsaki - Hafner (1991) and infor-
mation available from sulfide - platinum group mineral and Au -
Ag telluride assemblages (Tarkian et al., 1992) can be used t¢
constrain the physical and chemical conditions at the time of.
precious metal deposition in the porphyry copper intrusions. The
presence of merenskyite as the only Pd-telluride in the studied
samples from Skouries may suggests a formation temperature of
335° -~ 490°C (Harney and Merkle, 1990; Nyman et al., 1990).

Particularly, Nyman et al., (1990) on the basis of fluid
inclusions studies indicate that high salinity inclusions associ-
ated with propylitic and phyllic alteration assemblages support
PGE transport as chloride complexes at a minimum temperature o
335°C. In addition, the presence of sylvanite, in a close
intergrowth with merenskyite may suggest a maximun temperature of
formation at 350°- 360°C (Cabri, 1965; Tarkian et al., 1992)
. Mitsaki - Hafner (1991) reported two types of fluid inclusion®
at OP-65, Fissoka: a) inclusions with a 200°- 300°C homogenizatio?
temperature, salinity ranging from 31 to 39 wt% equiv. NaCl
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corresponding pressure 30 bars, and b) inclusions with 300° -
350° C homogenization temperature, salinity 10 - 23 wt% equiv.
NaCl and corresponding pressure 100 bars, Therefore, the pres-
ence of merenskyite and sylvanite at Skouries, suggesting a range
of temperature between 335° and 490° C, and the fluid inclu-
sionsa data on Fisscka indicating a homogenization tempetature
ranging from 200° to 350° C, may provide evidence for a higher
temperature during the deposition or re-deposition of sulfides in
the former than along the Au-bearing fault zone at OP-65. There-
fore, the oxide =~ silicate mineralogical composition (kaoli-
nite, magnetite/hematite, goethite} provides evidence for the
influx of acidic, oxidized fluids during precious metal depo-
sition at Skouries while a chloride gold complex rather than
bisulphide seems to be favored, In the case of the OP-65 pro-
spect the fluid inclusions data may suggest that transport of
gold was favored as bisulfide complex in more reduced solutions,
circulated 1in the basement which is dominated by amphibolites
(metabasic rocks) with a probable participation of carbonaceous
sediments (Seward, 1984; Romberger, 1988},

The low content and 1lack of any correlation between Pd
and other precious metals may suggest that the mechanism by
which the Pd (and Pt) is incorporated into fluids and depo-
sittion may be quite different from that of gold in the
case of OP-65. Palladium and Pt may be mobile as chloride,
hydroxide or bisulphide complexes, -depending on pH, PO2,
temperature and ligand concentrations (Mountain and Wood,

1988). Theoritical models and natural examples support that
PGE in association with propylitic and phyllic alteration
assenblages, were probably transported by chloride complexes,

the mininum deposition temperature being 335° C (Nyman et al.,
(1990). Therefore, the low Pd content at OP-65 may reflect condi-
tions not favorable for its mobilization.
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