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Abstract

Supergene alteration phenomena have affected the upper part of the Perama Hill
epithermal mineralization hosted in the felsic sandstone (oxide sector). The very
low acid buffering capacity of the porous sandstone combined with the dissemi-
nated character of pyrite and sulfosalts, resulted in extensive weathering. Goethite
and hematite predominate in the upper part of the mineralized sandstone reveal-
ing pervasive oxidation and leaching of heavy metals. A transitional zone to the re-
fractory sulfide mineralization is detected close to the underlying andesitic brec-
cia. Free Au grains are identified in the upper, oxide sector of the deposit, with the
highest Au grades being observed at the upper and lower part of the sandstone,
the latter located close to the transition zone with the underlying andesitic breccia.
Acid rock drainage identified in both surface and ground water samples in the vi-
cinity of the Perama Hill epithermal deposit indicates active oxidation of the sulfide
sector of the deposit.
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NepiAnyn
To koltaoua xpuooU tou Adpou Tou Mepduatog Bpioketal mepimou 30 XA du-
TIKA-BoPeloduTIKA TNG TIOANG TNG AAeEQVDPOUTIOANG KAl evTomiCeTal kKaTd PrKog
piag BBA dietBuvong pnétyevoug wvng Tou kaBopilel To BopeloavatoAkd oplo
NG TAPPoU Twv MNeTpwTwV Kal 1 ornola pgpvel ae enagr| Toug Kawvolwikoug neat-
otelo-lnuaToyevelg oxnuatiopoug g Aekdvng Tng Mapwvelag pe Meoolwikng
nAkkiag petapoppwéva netpwata g Mepypodoriknig. To koltaoua PAogevei-
Tal 0g YAUUITEG TIOU UTIEPKEWVTAL UIAG aKoAouBiag avdeoITIKWY AATUTIONAYWY,
€xel oxnua pavitaplou Kat ekteivetal oe urkog 750 m oe dleuBuvon B-N kat 300
m og dleuBuvon A-A. To Tidxog Tou Koltdopatog Kupaivetal arnd 15 éwg 20 m ota
dkpa, evw aTo KEVTPO PpOAvel oe Tidxog Ta 125 m. H petal\opopia mou pAo&evei-
TaL ota avdeattikd Aatunonayr Bpioketal uttd TEKTOVIKO EAEYXO, EVW) OTOV UTIEP-
Keipevo Yauuitn eivat kupiwg didomaptn. ZKomdg Tng apoloag €peuvag eivatn
MEAETN TNG eMidPaoNG TWV PAIVOUEVWV UTIEPYEVETIKAG aA\oiwoNg otnv embep-
MIKA] HETAANOPOPIa KaL N QvAyVWPLOT) TWV PUCIKOXNIIKWY CUVONKWY TIOU ETIKPJ-

YMEPIENETIKH AAAOIQZH AYZKATEPIAXZTHX EMIOEPMIKHZ METAAAO®OPIAZ XPYZOY: KOITAZMA AO®OY
MEPAMATOZ, BA EANAAA

TplavtapuAidng ., ZkapréAng N.
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Tnoav Katd tnVv o&eidwon NG Kal TEAIKA 0TO OXNMATIONO KOKKWY EAeUBEPOU XPU-
ooU. ZUNEXONkKav delypara ruprvav and 15 yewTprioelg katd Prkog Tou agova
B-N tou korrdoparog, péxpt Babouq 262 m and tnyv empdvela. Ta deiypara pele-
THONnKav pe HAektpovikd MikpookdTiio Zdpwong pe Avixveutr Alaotiopdg Evép-
velag, pe MepBhaopetpia Axktivwv-X kat Ok Mikpookortia, yia Tnv avayve-
PLOT TWV UTIOYEVETIKWY KAl UTIEPYEVETIKWY OPUKTOAOYIKWV pAcewv. Tautdypova,
YEITOVIKA TOU KOITAOMATOG CUAAEXBNKaV delyuaTta EMPAVEIAKWY (PEUUATA) Kal
unedapkwyv uddTwv (MNydadia) yla PeAETn Tubavig emidpaong ouyxpovwy ¢alt-
VOLEVWV UTIEQYEVETIKNG aANoiwong kat urtoBABLong Tng nodTnTag Twv anoppe-
Ovtwv uddtwv. Ta armoTeAEOUATA TWV OPUKTOAOYIKWV KAl LOTOAOYIKWV HEAETWV
g€del&av otL N Lwvn o&eldwong Tou KolTaouatog Tou Adpou Tou Mepduatog ako-
AouBel Tepinou 1o OpLo PETAEU TWV UTTOKE(EVWV AVOETITIKWY AATUTIOTIAYWV KAl
TOU utiepKeievou Yappitn. Zto kévtpo ¢pBdvel oe BAabog nepinmou 100 m and Tnv
empadvela, evw ota dkpa Kupaivetal peta&u 20 kat 25 m. H peAétn detyudtwy Tu-
PVWV YEWTPNOEWV amd Tov urepkeluevo Yappitn anedele tnv napoucia KOk-
Kwv eAelBepou XpuooU e KUPAVOUEVO TiepleXOpevo og dpyupo (1 €éwg kat 3%
K.B.) Kat péyebog peta&u 1 kat 10 um. Ot uYnASTEPEG OUYKEVTPWOELG KOKKWV XPU-
ooU evToTtiCoVTal OTO AVWTEPO THUNA TOU Yapuitn kovtd otnv ermpdvela Kat oto
KATWTEPO KOVTA OTn {Wvn PMeETABAONG e TA UTTOKEUEVA avOEDITIKA AQTUTIOTIAYY.
2TO QVWTEPO TUNMA TNG wvng 0&eldwaong Ta GavOueva UTIEPYEVETIKNG AAAOIw-
ong eival Blaitepa €vrova. Ta PETAAMIKA 0pUKTA adNPOTUPITNG KAl TEVWAVTITNG
elval évtova ofeldwuéva e kupldtepa TeAkd mpoidvta Tiq duodldAuTEG PATELQ
Ttou Fe(lll) ykattitn kat aatitn. Emniong, o avwtepo TUAPa Tng {wvng o&eldw-
ong epgavidel évrovn EKMAUCT Bap€wv PETAANWY, ONwg XaAKOG Kal Peuddpyu-
pog. Zwveg liesegang, ixvn odnpornupitn kat tevwavtitn, uPnAd popTio o yKarTi-
TN KAl QAT Wg EUTOTIONOL e AETTTOKOKKO KAOAWVITN LETAEU KAAOTWV XaAadia
Kal KOKKOL eEAeUBepOU XpUooU auvdedEVOL e UATeG KAOAVITN+yKaLTiTtn arote-
AoUvV Ta TILO KOLVA LOTOAOYIKA XAPAKTNELOTIKA TOU QVWTEPOU TN HATOG TNG {wvNng
0&eldwong, To o1oio OTO KEVTPO TOU KoITAoUATOog ¢pBAvel o BAON PEXPL Kal 45 m
and v erpdvela. Katw and 1o avwtepo, Eviova oEEBWUEVO TUAUA, TA paLvo-
peva oEeldwaong eival oxeTIkA Teploplopéva. Katd B€oelg, Ta mpwTtoyevr HETAN-
AKA 0puKTA Mapapévouv uylr. Mkattitng kat awatitng evrorifovral Katd Prkog
PWYHWV Kal OTIACIUATWY TOU MUPLTIWHEVOU Yappitn. Torukd mapatnpouvtal Yeu-
OOPOPPWOELG YKALTITN KATA OdNEOTUPITN, VW) 08 ANAEG TIEPIITTWOELG O GLONPO-
nupitng avtikabiotatal mepipepelakd arnd aAoTPLOPoPPO YIapoaoitn. OpuktoAo-
YIKY] MLEAETN DELYUATWV TIUPTIVWV YEWTPNOEWV KOVTA Ot {wvn petdBaong petagu
TOU UTIEPKEIEVOU WAITN KAl TWV UTIOKEIMEVWY aVOETITIKWY AQTUTIOTIAYWY ATTO-
KAAUYE TNV Mapoucia KOKKwV eAeUBepou XpuooU HeTaEU KAaoTtwy xahalia. And
TNV AAAN MAeupd, Qavoeva UmepyeveTIkAG aAoiwaong dev mapatnerénkav o
duokatépyaotn petalogopia ou gphoEeveital ota umokeiyeva avdeotTikd Aa-
Tumonayr, evw eriong dev evrorti(ovral KOKKOL eEAeUBepou xpuoou. Ta empavel-
QKA Kal UTTOETILPAVELAKA UdATA TIOU GUAAEXONKAV YEITOVIKA TOU KOITACUATOG Xa-
paktnpifovtal wg o&va pe uPnAo epopTio Bapgwv HETANwY. H xaunAr nowdtnta
TWV UBATWV eival ANMOTEAEOUA TWV CUVEXILOUEVWV PAIVOUEVWY UTIEPYEVETIKNAG OA-
Aoilwong mou dpouv akdun kat orepa otn dldomaptn petalogopia Tou PLlo-
Eeveital oTov Yappitn. EAappd 6&va kat o&eldwTikd peuoTd KatelodUouv HETAEU
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TWV MOPWV TOU Yauuitn kat mpooBdarlouyv tn dtdomaptn HeTalopopia, e TEAIKO
QAMOTEAECUA TNV TTTWOT TNG MoLOTNTAG TWV USATWY TIoU anootpayyifouv Tov Yap-

pitn Tou Adpou tou Mepduarog.

AE&eig kAe1d16: Evdidueong Beiwong, dtdonaptn uetaAdopopia, o&eidwon,

EAEUBEPOG XPUOOBG

1. Introduction

A significant number of epithermal
systems occur in several parts of the
Tertiary volcanosedimentary basin of
Thrace, NE Greece. Exploration for
gold is still carried out to this day, rec-
ognising the Tertiary Thrace basin
as a Au-rich terrain (Skarpelis, et al.,
1987; Michael et al., 1988; Michael et
al., 1989; Michael et al., 1995; Bridg-
es et al., 1997; Skarpelis, et al., 1999;
Voudouris et al., 2003) due to favour-
able structures and magmatism. Sev-
eral epithermal Au prospects were in-
vestigated during the last 15 years in
the area with those of Perama and Sa-
pes being the most important, verify-
ing the Au potential of Thrace (Bor-
der et al., 1999; McAlister et al., 1999;
Shaw and Constantinides, 2001; Les-
cuyer et al., 2003).

The aim of the present paper is to de-
termine the effect of supergene alter-
ation of the epithermal mineralization
at Perama hill and to identify the phys-
icochemical conditions that prevailed
during supergene alteration which led
to free Au formation.

2. Geological setting — ore deposit
geology

The Perama Hill gold deposit is locat-
ed 30 km west-northwest of the city of
Alexandroupolis, Thrace, NE Greece
(Fig. 1A). The topography of the re-
gion consists of low altitude hills,
with height ranging between 250 and
300 m above sea level. Vegetation is
sparse comprising mainly thorn and

scrub bushes and oak trees, and the
climate is characterized as Mediterra-
nean with mean annual rainfall of 560
mm (Juras et al., 2010).

The Perama Hill epithermal sys-
tem is controlled by a NNE trending
fault zone that defines the northeast-
ern border of the Petrota graben and
brings in contact the Cenozoic volca-
no-sedimentary formation of the Ma-
ronia basin with strongly deformed
and drag folded Mesozoic marbles,
greenschists and calc-schists of the
Circum-Rhodope Belt (Lescuyer et
al., 2003) (Fig. 1B). Transtensional
opening of the graben during Late Eo-
cene-0Oligocene facilitated intrusion of
calc-alkaline to high-K calc-alkaline
magma bodies (Eleftheriadis, 1990;
Christofides et al, 1998) with formation
of extrusive and shallow level intrusive
volcanic suites. Pecskay et al. (2003)
distinguished two main periods of vol-
canic activity in the region, an Oligo-
cene (33.5 - 25.4 Ma) and a Lower Mi-
ocene (22.0 - 19.6 Ma), based on K/
Ar ages obtained from whole rock (la-
vas and tuffs) and biotite separates.
During Oligocene, sinistral strike-slip
reactivation of basement faults and
graben margins is considered syn-
chronous with the hydrothermal activ-
ity that led to the formation of the min-
eralization (Lescuyer et al., 2003).
The deposit is hosted in felsic volcan-
ic sandstone overlying a sequence of
andesitic volcanic breccia. A volcan-
oclastic conglomerate unit with rang-
ing thickness marks the transition be-
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tween the two formations.

The sandstone is considered coeval
with felsic eruptions at the western
part of the graben and the presence
of worm tubes and wood fragments
indicate palustrine environment (Les-
cuyer et al., 2003).

The deposit is mushroom shaped and
extends 750 m in a north-south direc-
tion and up to 300 m in an east-west
direction with thickness varying from
15 m to 20 m at the borders and up
to 125 m at the centre (Juras et al.,
2010).
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Fig. 1. A. Simplified geological map of Eastern Macedonia — Thrace, NE Greece (after Krohe and Mposkos,
2002). B. Geological map of the Perama Hill deposit with locations of sampled logs (courtesy of Thracean
Goldmining S.A. with modifications). C. Cross section (N-S direction) of the Perama Hill deposit indicating the
limit of the oxidation zone (after Triantafyllidis, 2006 with modifications).

Eik. 1. A. ArAorounuévog YewAoyikog xaptng AvatoAikiic Makedoviag — ©pdkng, BA EAAGda (and Krohe
kat Mposkos, 2002). B. [ewAoytk6G XApTnG TG MePLOXNG TOU KOITAOUATOG Tou ASpou Tou Mepduatog ue
TG BE0EIG TWV YeWTProEWY TTIoU OelyuaTiotnkay (Euyeviki) apaxwpnon and tyv Thracean Goldmining
S.A., ue aMayég). C. MewAoywkn toun dieubuvong B-N and o koitaoua tou Adpou tou lMepduartog, otnv
ornola gupaviCetat To KAaTWTEPO BpLo G (wvng o&eldwong (artd Triantafyllidis, 2006 ue TPOMOMOOEL).

62



Bulletin of the Geological Society of Greece, vol. XLIX, 59 - 75

Hypogene mineralization is under tec-
tonic control and occurs in distinct
subvertical feeder zones, whereas
in the overlying sandstone is most-
ly disseminated. The deposit is char-
acterized as intermediate sulfidation
(Skarpelis et al., 2006) or as high sulfi-
dation overprinted by a later interme-
diate sulfidation stage (Voudouris et
al., 2007).

Stable and radiogenic isotope data
studies revealed the high to interme-
diate sulfidation character of the min-
eralization (Marschik et al., 2011). The
deposit has been deeply oxidized and
fine grained free gold mineralization
is hosted in the sandstone (Skarpelis
et al.,, 2006). Hence, two major sec-
tors may be recognized in the Pera-
ma deposit: the upper, oxide sector
with free gold which is the target for
mineral exploitation by application of
cyanide extraction technique, and the
lower, sulfide sector. The calculated
reserves (proven and probable) are
9.4 Mt with average grade 3.20 gr/tn
Au and 3.75 gr/tn Ag. In the oxidized
ore Au grades range between 5 and
10 g/tn whereas in the underlying
sulfide sector Au grades are below 1
g/tn (Juras et al., 2010).

3. Sampling - Analytical methods

Drill core samples from 15 bore holes
(Fig. 1B) along a N-S axis to depths
down to 262 m were collected and
used for the mineralogical investi-
gation of both hypogene refractory
mineralization and supergene min-
eral phases. Sampling was focused
on those parts of drill cores where
high in Au and base metals ore was
detected, based on geochemical
profiles and the grades provided by
the company. A total number of 35

thin and polished sections were pre-
pared, and a part from each sample
was pulverized and homogenized
for X-Ray diffraction. Mineral iden-
tification was carried out by com-
bined optical microscopy, X-ray dif-
fractometry and Scanning Electron
Microscopy (SEM). X-ray diffractom-
etry was carried out by using a SIE-
MENS D5005 X-ray diffractometer
with Cu(ka) radiation at 40 kV/20 mA
operating conditions. Scanning elec-
tron microscopy was performed us-
ing a Jeol JSM 5600 scanning elec-
tron microscope combined with
energy dispersive X-ray spectrometry
(OXFORD ISIS Link electron micro-
probe) and equipped with a Jeol An-
alytical back-scattered electron de-
tector at the Laboratory of Economic
Geology and Geochemistry, Univer-
sity of Athens. Operating conditions
for the SEM were 20 kV accelerat-
ing voltage and 0.5 nA beam current.
Counting time for each analysis was
50 sec, with 15 sec dead time. Sev-
eral geochemical profiles of select-
ed heavy metals of the studied bore-
holes were provided by courtesy of
Thracean Gold Mining S.A. and used
for the mineralogical and textural in-
vestigation (Fig. 2).

Stream and groundwater sam-
ples from the vicinity of the depos-
it were collected in order to inves-
tigate whether supergene alteration
phenomena are active, affecting sur-
face drainage and underground wa-
ters. Sampling was carried out in
June and October 2003 applying
standard sampling techniques. Wa-
ter samples were commercially ana-
lyzed for cations contents. Concen-
trations of Fe, Mn, Cu, Pb, Zn, Cd,
Ni, Co, As, Hg, and Sb were deter-
mined by an inductively coupled
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plasma atomic emission spectrom-
eter (ICP-AES). For Hg, the Hydride/
Cold vapor technique was applied in
order to further lower the detection
limit below 0.01 mg/L. Temperature,
pH and Eh were measured on site
while sulphate concentrations were
measured at the Laboratory of Eco-
nomic Geology and Geochemistry,
University of Athens, by spectropho-
tometry (Hach DR 2000).

4. RESULTS

4.1. Hypogene mineralogy - Sulfide
sector

Pyrite is the predominant sulfide
mineral in the Perama Hill depos-
it with its concentrations increas-
ing along with depth (Tabl. 1, Fig.
2). Pyrite is mostly disseminated
and rarely forms patches and aggre-
gates. Marcasite usually occurs in
crystal sizes ranging between 5 and
10pum. Marcasite aggregates are ob-
served along with pyrite. Tennantite
and enargite participate in moderate
proportions (Tables 1 and 2). Minor
anglesite, sphalerite (mainly as in-
clusions in pyrite), Pb-sulfosalts and
tellurides are identified as well. In the
sulfide sector, Au-bearing phases in-
clude Au and Ag-Au tellurides in as-

sociation with hessite and Ag-Bi tel-
lurides. No primary silicates besides
quartz are observed, indicating hy-
drothermal alteration and replace-
ment by silica and to a lesser degree
by kaolinite. Svanbergite-woodhou-
seite series phases are found in
samples from both the oxide and the
sulfide sector of the deposit (Tabl. 1).
These phases are fine-grained form-
ing aggregates and patches with ka-
olinite and euhedral unaltered pyrite
and may indicate hypogene origin
related to development of advance
argillic alteration (Dill, 2001). Svan-
bergite-woodhouseite phases are
members of the alunite — jarosite su-
pergroup — APS with a general for-
mula AB,(XO,),(OH),. The anion
X04-x is occupied either by S or P
(Struntz and Tennyson, 1982; Scott,
1987; Jambor, 1999) with alunite be-
ing the most common phase. Late
stage acidic fluids with increased P
content may change alunite compo-
sition through coupled substitutions
of [K* + §O,?] by [(Ca,Sr)? + PO,?]
towards svanbergite-woodhouseite
solid solutions (Dill, 2001). No su-
pergene alteration is observed and
primary sulfides and sulfosalts still
remain (Fig. 3A).

Tabl. 1. Semiquantitative analyses of minerals identified by optical microscopy, X-ray diffraction and
Scanning Electron Microscopy from drill core samples of the Perama hill Au deposit.

Sulfides, sulfosalts, Gangue Supergene Detrital phases in the
native metals phases sandstone

Pyrite +++++ | Quartz +++++ | Goethite +++ | Rutile-anatase ++
Tennantite ++ | K-feldspar + | Hematite +++ | Zircon

Enargite ++ | Kaolinite +++ | Jarosite + | Monazite +
Galena + | lllite + | Anglesite + | llimenite ++
Sphalerite + | Svanbergite-woodhouseite + Churchite +
Pb-sulfosalts + | Barite +t

Marcasite +

Hessite +

Tetradymite +

Ag-Bi tellurides +

Au (+Ag) grains +
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Tabl. 2. Representative chemical analyses of tennantite (out of 125) and enargite (out of 83) from the
Perama Hill deposit (results in wt%).

Tennantite Enargite

Mn 0.91 0.28 b.d.l. b.d.l. b.d.l.
Fe 419 7.02 0.27 0.27 2.97
Cu 39.52 36.19 46.11 45.93 43.81
Zn 5.24 6.19 b.d.l. b.d.l. b.d.l.
As 18.49 15.14 20.57 20.6 21.17
Sh 3.05 7.13 b.d.l. b.d.l. b.d.l.
S 27.15 27.99 31.19 31.07 32.18
TOTAL 98.55 99.94 98.14 97.87 100.13
Mn 0.25 0.08 - - -
Fe 1.14 1.89 0.02 0.02 0.21
Cu 9.43 8.56 2.94 2.93 2.72
Zn 1.22 142 - - -
As 3.74 3.04 1.1 1.12 1.1
Sh 0.38 0.88 - - -

S 12.84 13.12 3.93 3.93 3.96
TOTAL 29 28.99 8 8 8

Structural formulas calculated on the basis of 29 and 8 atoms for tennantite and enargite respectively

Tabl. 3. Representative chemical analyses of jarosite (out of 65) from the Perama Hill deposit (results in

wt%).
K,0 Na,O F9203 A|203 303 TOTAL
9.05 0.45 37.7 7.6 33.1 87.9
9.20 0.22 44.30 2.83 325 89.1
8.12 1.05 45.47 2.40 32.89 89.9
A site site X site

0.93 0.07 2.28 0.72 2

0.96 0.03 2.73 0.27 2

0.84 0.16 277 0.23 2

Compositions based on jarosite general formula AB3(XO4)2(OH)s with XO4 normalized to 2

4.2. Supergene mineralogy — Oxide
sector

The Au distribution and mineralogy of
borehole Pd10 is shown in Fig. 2. The
location of the borehole along with the
large number of drill core samples stud-
ied (ranging in depth from 40 m to 262
m from the surface) provide a reliable
profile on the distribution of hypogene
and supergene phases identified in the
ore, and insights on the geochemical
environment prevailing during oxida-
tion relative to depth.

Goethite and hematite are the pre-
dominant secondary phases identified
in the oxidation zone (Tabl. 1, Fig. 2).
Major textural forms in the oxide sec-

tor include patches of fine-grained goe-
thite and hematite associated with fine-
grained kaolinite between quartz clasts.
Scarce pseudomorphs of goethite after
euhedral pyrite are also identified at
lower levels of the oxide sector with mi-
nor anglesite (after galena) and other
secondary hydrous Fe-sulfates (Tabl.
1). Jarosite is identified in the lower lev-
el of the oxide sector and is usually en-
riched in Al with ranging Na content
(Tabl. 3). Jarosite is closely associated
with pyrite oxidation, forming anhedral
grains around pyrite crystals. In the ox-
ide sector, quartz is the predominant
gangue mineral (Tabl. 1) appearing in
two major forms.
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Fig. 2. Lithological, mineralogical and geochemical fingerprint of borehole PD10 (after Skarpelis et al., 2006
with modiifications). The Au distribution with depth was provided by courtesy of Thracean Gold Mining S.A.
Abbreviations: Gn — galena, Py — pyrite, Eng — enargite, Tnt — tennantite, Bi-Te — Bi-tellurides, Bi — bismuth,
Cv - covellite, Ag-Te — Ag-tellurides, Gth — goethite, Hem — hematite, Jrs — jarosite, Ang — anglesite, Qz —
quartz, Kin — kaolinite, APS — Aluminum phosphates-sulfates, Brt — barite, lIt - illite (after Whitney and Evans,
2010). (+++) major mineral constituents, (++) minor constituents, (+) subordinate constituents. Thick
dashed red line indicates the limit of the oxidation zone.

Eik. 2. NBoAoyikO, OPUKTOAOYIKO Kal YEWXNUIKO TPopiA yewtpnong Pd10 (ard Skarpelis et al., 2006 ue
aMayeg). H katavoun tou Au oe Bdbog nmapaxwprbnke euyevikd and v Thracean Gold Mining S.A.
Zuvturioel§ opuktwv: Gn — yaAnvitng, Py — owdnporupitng, Eng — evapying, Tnt — tewavtitng, Bi-Te —
Bi-teMoupidia, Bi — Biopoublo, Cv — koBeAivng, Ag-Te — Ag-teMoupidla, Gth — ykartitng, Hem — awuating,
Jrs — ylapooitng, Ang — aykAeo(ng, Qz — xaAadiag, Kin — kaoAwitng, APS — @wopopikG-Beukd apyhiou,
Brt — Bapitng, lit — Mitng (arté Whitney kat Evans, 2010). (+++) kUpla opuktoAoyikd ouotatikd, (++)
enouowwdn, (+) oe ixvn. H KOKK dLaKEKOUUEVT YPauun UTTOJEKVUEL TO OpLo NG {wvng 0&eidwang.
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The first involves angular and subangu-
lar quartz and polycrystalline quartz
clasts, while the second one includes fine-
grained euhedral to subhedral quartz with
its size ranging between 5 and 10 um ac-
companied by fine-grained kaolinite and/
or barite and is associated with hydro-
thermal alteration (silicification and argil-
lic alteration). Kaolinite is the second most
abundant gangue mineral after quartz. Ag-
gregates of fine-grained crystals predomi-
nate, forming patches and filling voids be-
tween sandstone clasts and hydrothermal
euhedral quartz. Minor pseudomorphs
of kaolinite replacing detrital K-feldspar
are also identified and limited to the up-
per part of the sandstone. Kaolinite pseu-
domorphs are also found at near-surface
samples of the devitrified andesites at the

northern part of the deposit. Further stud-
ies including oxygene isotope analyses
on kaolinite samples from the oxide sec-
tor of the deposit are required to discrimi-
nate between hypogene and supergene
origin. lllite is the second most abundant
argillic phase after kaolinite. It is found
mostly in the upper part of the overlying
sandstone replacing micas, and in near-
surface andesites replacing euhedral feld-
spars. Barite was identified in the major-
ity of the analyzed samples. Barite crystals
are euhedral to anhedral with size ranging
from a few um to several mm in length,
and show typical characteristics of late
stage deposition. Barite crystals are either
found in quartz-barite veins and veinlets or
as disseminations of large euhedral crys-
tals between quartz clasts.

Tabl. 4. Physicochemical conditions and geochemical analyses of stream and underground water samples
(sulfates and cation concentrations in mg/L, Eh in mV, conductivity — CND in pS/cm).

Sample [ pH | Eh [CND[ SO, [ As [ €d | Co | Cu Fe [ Mn [ Ni [ Pb | Zn
June 2003

P1 [ 32 ] 227 ] 3570 | 1700 | bdl | bdl | 0283 | 0012 | 88 | 104 | 016 | bdl | 07
October 2003

P1 33 221 3530 | 2600 | 0.04 | 0.003 | 0.302 0.014 57 9.8 0.16 bdl 0.6

P2 4.1 171 4420 | 5400 | 0.02 | 0.003 | 0.618 0.004 39.4 10.1 0.32 | 0.025 6.2

P3 4.1 170 3180 | 2000 | 0.02 bdl 0.479 bdl 23.1 7.8 0.26 bdl 0.1

Detection limits

[ I [ | [ 0.002 | 0.002 ]

0.002 | 0.002 | 0.01 0.002 [ 0.005 | 0.005 | 0.002

Reproducibility (%)

[ +0.03 ] I [ +5.25 | #0.02 | +0.002 |

£0.01 [ 0.07

£0.006 | #0.0007 | *2.21 £0.007 | +0.04

bdl: below detection limit

Sample coordinates:

P1: N40°53°47.1" E25°37°44.8”
P2: N40°54°43.9” E25°38°02.8"
P3: N40°54°10.0° E25°37°31.0"

Silver, Hg and Sb below detection limit for all samples analyzed

The mineralogy of samples studied by SEM,
XRD and optical microscopy studies revealed
that the physicochemical environment, relat-
ed to the lower sulfide sector, changes rapid-
ly at the transition zone between the andesitic
breccia and the overlying sandstone. Sec-
ondary, supergene phases are present indi-
cating that supergene alteration phenomena
have affected the disseminated ore hosted
in the felsic sandstone. Mineralogical stud-
ies of drill core samples reveal that the low-
er limit of the oxidation zone roughly follows
the boundary between the andesitic brec-

cia and the sandstone and reaches approxi-
mately 100 m at depth at the center (90 m for
borehole Pd10, Fig. 2), whereas is limited at
the sides of the deposit ranging from 20 to 25
m from the surface (Fig. 1C) (Skarpelis et al.,
2006; Triantafyllidis, 2006).

Pervasive oxidation is identified in near sur-
face samples with a maximum depth of 45 to
50 m at the center (Fig. 2). Liesegang bands,
scarce remnants of pyrite and tennantite, sig-
nificant load in secondary goethite and hem-
atite as impregnations with fine-grained ka-
olinite (Fig. 3B) and disseminated native Au
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(Skarpelis et al., 2006) characterize the up-
per, extensively leached and oxidized part of
the deposit. Highly insoluble anglesite replac-
ing galena is the only supergene phase ob-
served in the upper part of the oxide sector.
At the lower levels of the Perama sand-
stone and up to the transition zone with

the underlying andesitic breccia, super-
gene alteration phenomena are less ex-
tensive (Fig. 2). Goethite and hematite are
present in fractures and fissures of the si-
licified sandstone, but also as aggregates
and patches with kaolinite. Pyrite is locally
replaced by jarosite (Fig. 3E).

Fig. 3. A. Tennantite in association with pyrite in the sulfide sector. B. Impregnations of goethite and hema-
tite in kaolinite patches between angular-subangular quartz clasts in the upper, pervasively altered part of
the oxide sector. C. Free Au grains from the upper part of the oxide sector. D. Free Au grain from the lower
part of the oxide sector. E. Pyrite alteration to jarosite at the lower level of the oxide sector. F. Free Au grains
from the lower part of the oxide sector near the transition zone.

Eix. 3. A Tewavi(tng oe enar) e oWdneOonuUpTn oTo nMUPITwUEVOo avdeottikd breccia. B. Eurotiouol
ykawwtn kat aatitn o uddeq kaoAwim peta&l ywviwdwv-urioywvikdwy kAaotwv xaialia amd to
avwtepo, Evrova e§arotwuévo Tuniua tou Yapuitn. C. Kokkot Au arté 0 avwtepo TUrua Tou yauultn tou
Mepduarog. D. Kékkot Au arté T0 KATWTEPO TUNUA Tou Yauuitn. E. O&eidwon odnpomnupitn npog ylapooitn
OTO KQTWTEPO TUNUA TOU Yauun. F. KOkkot Au ard To Katwtepo TUrua Tou wauuin tou MNepduarog kovrd

ot Lwvn petdpaong.
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Supergene alteration phenomena are
active as it is proved by the quality of
surface and ground water samples col-
lected in the vicinity of the Perama Hill
deposit. All samples fall into the quality
range of waters draining several epith-
ermal deposits globally (Koyanagi and
Panteleyev, 1993; Plumlee et al., 1995;
Skarpelis and Triantafyllidis, 2004). In
particular, the drainage waters are char-
acterized by increased Fe, Mn and Ni
content and very low concentrations of
Cu, Pb and As, whereas the Fe content
decreases along with distance distance
to the ore deposit (Tabl. 4). The surface
and ground water samples collected in
the vicinity of the Perama Hill deposit are
characterized as acidic to extreme acidic
with high metal load when plotted on a
Ficklin diagram with pH values less than
5.5 and total heavy metal load higher
than 1mg/L (Triantafyllidis, 2006).

4.3. Native Gold

Optical microscopy and SEM studies
proved that native Au grains, with rang-
ing Ag content, are present in the ox-
ide sector of the Perama Hill epither-
mal deposit. Free Au predominates in
the upper (depth up to 10m from the
surface) and the lowermost part of the
Perama sandstone, near the transi-
tion zone between the sandstone and
the sulfidic ore. That observation is in
line with Juras et al. (2010) who state
that the highest gold grades are identi-
fied in drill core samples from the upper
and the lower part of the oxide sector.
In the oxide sector, native Au is either
associated with Kaolinite and goethite,
or it appears between quazz clasts with
size ranging between 1 to 10um (Figs
3C, 3D, 3F). On the other hand, miner-
alogical investigation of samples from
the sulfide sector revealed no free Au
grains.

5. Discussion

The distribution of secondary phases
in the oxide sector provides insights
on the physicochemical conditions
and the maturity of the physicochemi-
cal environment of both the upper and
the lower part of the deposit. Second-
ary Fe(lll) phases goethite and hema-
tite prevail in the upper part, whereas
jarosite and other Fe-sulfates are pre-
sent at lower levels (Fig. 2). According
to Walton-Day (1999), Newbrough and
Gammons (2002), Courtin-Nomade et al.
(2003), and Fukushi et al. (2003) typical
secondary phases in oxidation zones re-
sulting from alteration of Fe-sulfides and
sulfosalts include ferrihydrite, schwert-
mannite, jarosite, goethite and hematite.
The stability of those minerals depends
on the prevailing physicochemical condi-
tions with increasing pH and decreasing
sulfate load the series of replacement is as
follows:

Jarosite — schwertmannite — ferri-
hydrite — goethite — hematite

Goethite and hematite are the most sta-
ble secondary Fe(lll) phases in mildly
acidic to alkaline and oxidative condi-
tions (Nordstrom and Alpers, 1999). It is
therefore reasonable to assume that as
supergene alteration phenomena pro-
gressed, the geochemical environment
of the upper part of the oxide sector
gradually changed from highly oxida-
tive with increased sulfate load, to mild-
ly acidic and oxidative with very low sul-
fate content. This pervasive oxidation of
the ore is enhanced in the central part
of the deposit reaching depths to 45m
(Fig. 2). The presence of goethite and
hematite combined with the absence of
secondary sulfates (e.g. jarosite), and
the depletion of most heavy metals,
based on the geochemical profiles of
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the bore-holes studied, indicate a ma-
ture physicochemical environment and
progressively increasing pH and de-
creasing sulfate load. Liesegang bands
also support the hypothesis of mature
physicochemical conditions and lim-
ited advent flow, since the character-
istic rings result from diffusion of oxy-
gen with Fe-rich fluids in poorly lithified
sediments (Balsamo et al.,, 2013; Ste-
gena, 1983). The hypothesis on ma-
ture environment is also supported
by the enrichment of goethite in As in
near-surface samples. In slightly acidic
to neutral conditions the concentration
of soluble As is controlled by the pres-
ence of Fe oxides/hydroxides. Second-
ary Fe(lll) phases show positive surface
charge enabling adsorption of negative-
ly charged anions and oxyanions of As
(Smith, 1999; Sracek et al., 2004) with
maximum adsorption in pH between
3 and 5 (Garcia-Sanchez and Alvarez-
Ayuso, 2003).

During the early stages of supergene
alteration, the mineralogy of the host
sandstone combined with the dissemi-
nated mode of occurrence of hypogene
minerals and the high potential of py-
rite and tennantite to produce highly
oxidative agents (Plumlee, 1999), en-
hanced oxidation phenomena resulting
in liberation of microparticulate Au. In
oxidative near-surface environments of
sulfide deposits two major mechanisms
of Au solubility exist, metastable thio-
sulfate (Webster, 1986; Renders and
Seward, 1989) and chloride complexes
(Mann, 1984; Webster and Mann, 1984;
Stoffregen, 1986), where the Ag content
of free Au may provide insights on the
prevailing geochemical conditions. In
the presence of chlorides, Ag is more
readily dissolved relative to Au (Craw
et al., 2015) resulting in Au grains with
very low Ag content. Scanning Electron
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Microscopy study revealed that free Au
grains in the oxide sector of the Perama
deposit show a ranging Ag content (be-
tween 1 and 3 wi%) indicating co-dep-
osition of Au with Ag. It means that thi-
osulphate-mediated dissolution of Au
was most likely the major Au transport
mechanism in early stages of super-
gene alteration. During the evolution of
the upper part of the oxide sector of the
Perama Hill deposit, the physicochem-
ical environment changed from acid-
ic and oxidative, to mature (near-neu-
tral and oxidative). In such conditions,
Au is highly insoluble and is mainly
transported as elemental, colloidal Au
(Krauskopf, 1951), favoring small scale
migration, aggregation and re-deposi-
tion as free Au grains (Fig. 3C, 3F).

At the lower levels of the oxide sector,
the oxidation phenomena are still active
but not pervasive. This view is support-
ed by the varying degree of alteration
of hypogene sulfides and sulfosalts. In
several occasions pseudomorphs of
goethite after pyrite and jarosite grains
around pyrite crystals are observed
(Fig. 3E). The presence of secondary
Fe-sulfates indicates relatively imma-
ture environment, oxidative conditions
and increased sulfate load (Walton-Day,
1999; Courtin-Nomade et al., 2003), an
hypothesis supported by the acidic na-
ture and the high metal load of surface
and groundwaters draining the Perama
sandstone (Tabl. 4). Meteoric waters
penetrate the porous sandstone and
still attack the disseminated ore com-
prising pyrite and tennantite resulting
in very low quality drainage. It seems
that the geochemical environment of
the lower part resembles the conditions
of the near-surface sector of the depos-
it during the early stages of supergene
alteration. Oxidative, rich in sulfates flu-
ids resulting from on-going oxidation of
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sulfides and sulfosalts favor solubility of
Au as thiosulfate complexes. As physic-
ochemical conditions change near the
transition zone between the oxide and
the sulfide sector of the deposit, aggre-
gation and reprecipitation of native Au
grains among quartz clasts occurs (Fig.
3D), resulting in enrichment of the lower
part of the oxide sector in gold (Fig. 2).
The mode of occurrence of Au in the ox-
ide sector of the Perama Hill deposit is a
combination of detrital, later hydrother-
mal and subsequent supergene altera-
tion mineralogy. The Perama sandstone
is characterized by uniform mineral as-
semblage with abundant quartz, kaolin-
ite, minor illite and traces of K-feldspar.
As stated by Lescuyer et al. (2003), the
Perama sandstone contains angular to
subangular fragments of the basement
metamorphic rocks (quartz grains and
polycrystalline quartz clasts and mica),
as well as glass shards and pyroclastic
fragments related to felsic eruptions of
the Petrota graben. The immature, fel-
sic sandstone is characterized by in-
creased porosity (coarse, angular to
subangular clasts, Fig. 3B). That poros-
ity played a very important role when
the sandstone was later affected by hy-
drothermal activity related to the origi-
nal high sulfidation mineralogy and the
final development of the intermediate
sulfidation system. Acidic hydrothermal
fluids followed feeders and conduits,
and also diffused in the porous media,
resulting in extensive hypogene altera-
tion of detrital feldspars and micas to
fine-grained kaolinite that filled voids
and cracks in the Perama sandstone,
providing the final assemblage with
very low acid buffering capacity. Uplift
and subsequent supergene alteration
resulted in oxidation of hypogene dis-
seminated sulfides and sulfosalts, liber-
ation of microparticulate Au, migration,

aggregation and deposition of free Au
grains.

6. Conclusions

Extensive supergene alteration phe-
nomena have affected the upper part
of the Perama Hill epithermal minerali-
zation hosted in the felsic sandstone,
whereas oxidation is very limited at the
lower sulfide sector. It seems that rock
heterogeneity between the underlying
andesitic breccia and the overlying po-
rous sandstone played a critical role in
development of the texture of the min-
eralization and the following geologic
evolution. The disseminated nature of
the ore, with pyrite being the predom-
inant sulfide, combined with the tex-
ture and limited acid-buffering capacity
of the host sandstone favored penetra-
tion of slightly acidic and oxidative me-
teoric waters and subsequent oxidation
phenomena. Goethite and hematite pre-
dominate at the uppermost part of the
deposit, whereas secondary phases of
other heavy metals occur as minor con-
stituents (e.g. anglesite), or are lacking
(e.g. Cu and Zn) revealing pervasive
supergene oxidation and leaching. At
lower levels secondary Fe sulfates are
identified, indicating locally highly acid-
ic and oxidative conditions and imma-
ture geochemical environment. Free Au
grains are observed in the upper and
lowermost part of the oxide sector of the
deposit, observation that is in line with
statements by Juras et al. (2010). Oxida-
tion phenomena still affect the dissemi-
nated ore and enrich the ore in free Au
near the transition zone between the un-
derlying andesitic breccia and the over-
lying sandstone. Supergene alteration
phenomena are active till this day as
proved by the acidic and oxidative and
rich in heavy metals, surface and ground
drainage at the Perama sandstone.
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