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ABSTRACT

The present doctoral thesis investigates the critical and rare metals distribution in
selected Cenozoic deposits located in the Serbo-Macedonian and Rhodope
metallogenic provinces in northeastern Greece. The study is focused on the deposits
of Vathi, Gerakario, Laodikino, and Kolchiko (Kilkis ore district), as well as in Aspra
Chomata (Kassandra mining district, NE Chalkidiki). The mineralogy, geochemistry
and mineral chemistry of selected mineralized samples, reveal enrichment in critical
and rare metals including Ag, Au, Bi, Ce, Co, Ga, Gd, Ge, In, La, Nb, Nd, Se, Sm, Ta,
Te, Th, U and W. Emphasis is given on the distribution, abundance, and correlation of
critical and rare metals among the different hydrothermal alteration styles and
mineralization stages.

The Vathi porphyry Cu-AutMo deposit is mainly hosted in latite and quartz
monzonite and is enriched in Ag, Au, Bi, Cd, Co, Ga, Ge, Hg, In, Nb, Sb, Se, Te, Th,
V, W and rare earth elements (Ce, Gd, La, Nd, Sm). Pyrite and chalcopyrite are the
most abundant ore minerals and are related to potassic, propylitic, and sericitic
hydrothermal alterations (A- and D-veins), as well as to the late-stage epithermal
overprint (E-veins). Magnetite and titanite are found mainly in M-veins and as
disseminations in the potassic-calcic alteration of quartz monzonite. Disseminated
magnetite is also present in the potassic alteration in latite, which is overprinted by
sericitic alteration. Pyrite hosts pyrrhotite, galena, and Bi-telluride inclusions, and is
enriched in Ag, Co, Sh, Se and Ti. Chalcopyrite incorporates bornite, sphalerite,
galena, and Bi-sulfosalt inclusions, and is enriched with Ag, In and Ti. Inclusions of
wittichenite, tetradymite, and cuprobismutite reflect enrichments of Te and Bi in the
mineralizing fluids. Native gold is related to A- and D-type veins and is found as
nano-inclusions in pyrite. Titanite inclusions characterize magnetite, whereas titanite
is a major host of Ce, Gd, La, Nd, Sm, Th and W.

The Gerakario epithermal quartz-stibnite veins occur in the periphery of a Cu-Au
porphyry deposit. The quartz-stibnite veins are enriched in Ag, Au, Bi, Ce, Co, Ga, La
and Sh, and are depleted in Hg, Se and Te, reflecting the chemistry of the
mineralizing fluids. Stibnite contains arsenopyrite inclusions and mainly incorporates
As, Cu and Pb, as well as Sb, La and Ti.

The formation of the Laodikino and Kolchiko metamorphic- and quartz-hosted

polymetallic vein mineralization includes several styles of mineralizing fluids
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introduced mostly during the Mesozoic to Cenozoic tectono-metamorphic evolution
of the broader region. At Laodikino, the massive and banded (stratiform-like)
mineralization and the magnetite-rich pods are assumed to be of Mesozoic age, while
a Cenozoic age is suggested for the polymetallic massive and quartz veins, as well as
for the disseminations and aggregates found in hydrothermal halos. In the magnetite-
rich pods, enrichments in Ce, Gd, La, Nd and Sm are associated with xenotime and
bastnésite. The polymetallic quartz veins are enriched in Ag and Sb, as well as in Au,
Bi, Cd, Co, Hg, In and Se. Mineral chemistry indicates that initially pyrite was
deposited from mineralizing fluids enriched in Co and depleted in Ag, Au, Bi, Hg and
In. During the subsequent brecciation the mineralizing fluids, enriched in base (Cu,
Zn, Pb), and critical metals (Ag, Au, Bi, Cd, Hg, In, Sbh, Se), were introduced in the
system at temperatures varying from 175 to 300 °C, and chalcopyrite, sphalerite,
tennantite, and galena were deposited. Nano-inclusions of galena, tetrahedrite, and
sphalerite are found in chalcopyrite. Tetrahedrite is also hosted in sphalerite.

Polymetallic massive and quartz veins, as well as pyrite-quartz veins and
disseminations and aggregates are found at Kolchiko. Cenozoic regional
metamorphism has overprinted the polymetallic massive veins, while the formation of
the polymetallic quartz and quartz-pyrite veins is related to open space filling and to
crack and seal textures, respectively. The polymetallic massive veins contain Au, Ce,
La, U and W, the polymetallic quartz veins are more enriched in Ag, Bi, Cd, Co, Ga,
Gd, In, Nd, Se, Sm, Te and Th, while the quartz-pyrite veins include moderate
contents of Au, Bi, Sb and Te. Arsenopyrite from the polymetallic massive veins
mainly incorporates Co, and is related to galenobismuthinite nano-inclusions. Pyrite at
Kolchiko includes variable contents of critical and rare metals, and hosts galena,
galenobismuthinite, and native bismuth as nano-inclusions. Chalcopyrite from the
polymetallic quartz veins is the main host of Ag and Bi, and is associated with
sphalerite and galenobismuthinite nano-inclusions. Sphalerite from the polymetallic
quartz veins is the carrier of Cd, Hg and In, and accommodates chalcopyrite and
galena as nano-inclusions. The mineralization styles in Kolchiko are associated with
hydrothermal fluids including temperatures varying between 240 and 444 °C.

At Aspra Chomata the porphyry and the epithermal stages are hosted in the
granodiorite porphyry, which is part of the Oligocene Stratoni granodiorite intruding
the footwall of the Stratoni fault. Pyrite is the main metallic mineral in the potassic
alteration that is overprinted by chloritic-sericitic alteration, as well as in the chloritic-

11



sericitic and sericitic alterations (D-veins). Bleaching and kaolinization of the host
rock are ascribed to the late epithermal stage. Sericitic alteration and D-type veins
contain critical and rare metals including Au, Co, In, Se, Te and W, while the
epithermal veins are more enriched in Ag, Cd, Ga, Hg and Sb. Pyrite from the
epithermal veins exhibits oscillatory zoning, which is related to elevated contents of
As, Au and Ag. Bi, Hg, V and W preferentially precipitated in sphalerite, where Ag,
Cd, Ga, Ge, In, Nb, Sb and Ti, also occur. Nano-inclusions of boulangerite are found
both in pyrite and chalcopyrite.

The deliverables of this study promote the knowledge on the metallogenic
framework of northern Greece by sharing new data on critical and rare metals
distribution and emphasizing on Au-Bi-Te-metallogeny. In the Vertiskos Unit, the
presence of Oligocene-Miocene porphyry-epithermal systems is ascribed to
extensional tectonics, while the early Cenozoic (?) to Miocene veins hosted in
metamorphic rocks are associated with transpressional to transtensional tectonics.
Specific enrichments in critical and rare metals reflect varying physicochemical

conditions during mineralizing processes.
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IHEPIAHYH

H moapodoa odaktopikn dSarpifny dgpevvd TNV TOPOLGio. TV KPIGIU®OV Kot
oTavVIOV pHeTdAl®V o emdeypéva Kawvolmikd kottdopata to onoia evromilovtal oTig
petoAdoyevetikés emapyieg g ZepPo-Moakedovikng kot g Poddmng oty
Bopeloavatoiikn EAALGSa. H pelétn emkevipmdveral oe Kortdopato tov eviomilovrtal
otig meployég Baon, I'epakaptd, Aaodiknvo kot Kodyikd (Kortacpatoroyikn meployn
tov Kuikic) kot oto Aocmpa Xopoto (petoAlevtikny mepoyn  "Metadeio
Kooodvopag", BA XoAkidikng). H opukToloyikn, YE@YMUIKN KOl OPLKTOYNULIKY
peAétn emdeypévov  detypdtov g KaBe petoAdogopiag amokaAvmTeEl Evav
eUTAOVTICUO o€ Kpiotpa Kot omdvia pétadia Omwg Ag, Au, Bi, Ce, Co, Ga, Gd, Ge,
In, La, Nb, Nd, Se, Sm, Ta, Te, Th, U ko1t W. 'Epgaocn divetar otnv Koatavour, tnv
apBovia kol v cvoyétion HETaED TV KPICW®V KOl OTAVIOV UETAAA®V, TOV
OLPOPETIKMV GTAdIOV LETOAAOPOPIOG KOl TV VIPOBEPUIKDOV EEOAAOIDGEDV.

To mopeuprtikd xoitacpa Cu-AutMo ot BdOn oulofeveiton kvplog oe
neTpoOpate Aatitn kot yoloaliokov poviovitny Melokovikng nikiog kot etvon
eumlovtiopévo og Ag, Au, Bi, Cd, Co, Ga, Ge, Hg, In, Nb, Sh, Se, Te, Th, V ko1 W,
aAG kot oe omdvieg yaieg (Ce, Gd, La, Nd kou Sm). O ocdnponvpitng kot o
yoAKomvpitng amotelohv To OV0 TO O10dEdOUEVA UETOAMKE OpLKTH, TO Omoio
oyetiCovtar pe v motacoikn (A-tomov EAEPeg), mpomviitiky Ko oepikitikny (D-
TOmov PAEPEG) VOPOBeprIKT eEaAAOImOT, KOOMDG Kot Pe TNV emMBEPIKN ETKAALYN
tov cvotiuratog (E-tomov eAéPeg). O poyvnritng kot o titavitng Ppickovror kKupimg
eviog Tov eAefov M-thmov Kot og dwomopég otov yaraliokd poviovitn ko
oyetiloviol e TNV TOTAGOIKN-06PECTION) 0 €EAAAOIMOT. ALAOTOPTOG HayvnTiTng
evtomiletal emiong oV TOTACCIKN £50AAOIGN TOL Aatitn, M omoio VIEPKOAVTTETAL
and oepikitikn e€arloimon. O compomvpitng EAoEevel eykieicpato poryvntomupitn,
yoAnvitn Kot teAlovpdiov Tov Piopovbiov, kot eivar gpmiovticpévos oe Ag, Co, Sb,
Se kot Ti. O yorkomvpitng epmepiéyet eykAeiopata fopvitn, ceaiepitn, yoAnvitn, Ko
Bsroldtov Tov Propovbiov ko eivar mhovowog oe Ag, In wor Ti. Eyxieiocparta
Prrtitoevitn, tetpadvpit Kot kKumpofiopovditn avtovakAovy Tov EUTAOVTIGUO TOV
petaAloeopov daivpdtov oe Te kot Bi. O avtopung ypvcdc oyetileton pe Tig
oAéPeg A- kot D-tomov kon PBpioketor ®g vovo-gyKAEIoHOTO GTOV GlONPOTLPITY.
Eykieiopota titavitn gvtomilovtol otov payvntitn, eved o Titavitng eival o K0p1log

Eeviotg Tov otoyeiov Ce, Gd, La, Nd, Sm, Th xou W.
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Or emBepukéc eAEPeg yoralio-avTiLoviTn OTNV TEPLPEPELN TOV TOPPUPLTIKOV
kottdopatog Cu-Au oto 'epaxaptd eivar eumiovtiopéveg oe Ag, Au, Bi, Ce, Co, Ga,
La kot Sb, eved ta pérarra Hg, Se ko Te amovoidlovv, vrodnimvovag t ynueio
TOV HETOAAOPOP®V SloALHATOV. O OVTIHOVITNG TTEPLEYEL EYKAEICHATO OPOEVOTLPITY
ko eveopotovel As, Cu, Pb, Sb, La ko Ti.

O oyMUOTICUOS TOV TOAVUETOAMK®OV UETOAALOQOPIOV TOL (PLAOEEVOLVTOL GE
UETAPOPPMUEVO TETPOUOT KOl 68 YOAallaKES PAEPEC oTIG TEPLOYES AOJIKNVE Kot
Kolykéd oyetilovrar pe ddpopes QACELS TOV HETOAAOPOPOV S1OAVUATOV, TO OOl
gvepyomomOnkay Koté To TEKTOVO-UETAUOPPIKE oTdo €£EMENG TG €vplvTEPNS
nepoyng Kotd to Mecolowod kot 1o Koawvolmikd. 1o Aaodiknvo evromileton
GUUTOYNG KOl GTPOUATOLOPPN HeETAALOQOpior Kol (akol TAOVCIOL € poryvntitn,
mhavotato Mecolwwkng mAkiog, koBdC kol COUTOYEIS TOAVUETOAMKEG KO
yoraliokég AEPES, O100TOPEG KOl GLYKEVIPMOGCELS GLOTPOTLPITI-YoAKOTLUPITY EVTOG
tov (ovav egalhoimong Kawvolmwng nikioc. Ot mhodoior oe poyvneitn gaxol g
UETOALOQOPIOG GTNV TEPLOYN TOL A0OIIKNVOD £X0VV GYETIKA YNAEG TEPLEKTIKOTITES
oe Ce, Gd, La, Nd kot Sm mov oyetiCovior pe v mapovoio EevoTipwov kot
practvacitn. Ot molvpetodikés yoraliokés eAEPeg 010 A0odKNVO ivar TAOVGLES
oe Ag xat Sb, ahdd xar oe Au, Bi, Cd, Co, Hg, In kou Se. H opuktoynuikn perétn
VTOONADVEL OTL ToL LETOALOPOpa dtaAvpato epumiovTicpéva o€ Co kol Tyt oe Ag,
Au, Bi, Hg a1 In, oyetiCovtar pe tov oynuaticpd tov oidnponvpitn. Akorovdnoe
OpavoTikn] TOPAUOPP®ON TOV QEAEPOV KOl KLKAOQOPIOL VE®V UETOAAOPOP®V
dwivpdtov, pe Beppokpocieg petald 175 kot 300 °C, gumhovticpévov oe Pocikd
(Cu, Zn, Pb) ko kpiocuo pétarra (Ag, Au, Bi, Cd, Hg, In, Sb, Se). Q¢ cvvéneo,
amoTEOMKAV TOL OPLKTA YOAKOTLPITNG, GPOAEPITNG, TETPOEdPITNG KOl YOANVITNC.
Navo-gykieiopata  yoAnvitn, tetpaedpitn kot c@adiepitn Pplokoviar  oTOV
yorkomopitn. O teTpaedpitng prhoEeveitan emiong cav £YKAEIGILO GTO GOAAEPITY).

Y10 Kolywkd evromilovior cvpmoyeic moAlvpetolkés kol yorallokeés @AEPec,
oAéPeg  yoralio-compomvpitn, KoODG Kol  OSOTOPEC KOl CGLYKEVIPOGELS
ocwnponvpitn. Katd to Kowvolowwd 1 petapdpemon ennpéace TG MOAVUETAAMKES
ocoumayelg AEPeC, evd 0 GYNUATICUOS TOV TOAVUETAAMKAOV YOAACIOKOV GAEPOV Kot
TV eAefoV yoralio-cdnpomupitn yapaktnpiletal amd TANP®ON KEVOV YDPOV Kol
16TO0GC pNyYHAT®OoNG-emovA®onG, avtiotorya. Ot coumayeic TOAVUETOAMKES PAEPEG
nepiéyouv Au, Ce, La, U xar W, ot moivpetordikéc yoraliokés @AEPec sivan

eumhovtiopéveg oe Ag, Bi, Cd, Co, Ga, Gd, In, Nd, Se, Sm, Te ka1 Th, evd o1 pAEPeg
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yoralio-cdnpomupitn  mepthapfPdvovv ocvykevipooelc Au, Bi, Sb wxour Te. O
OPGEVOTLPITNG TOV TOAVUETOAAIKOV coptaymv oAepov evoopatovel Co Kot
ouoevel  vavo-gykkeiopoto  yoAnvoPispovbvitn. O  owdnpomuvpitng amd T
petaAloeopa otddle oto KoAywued yapoktnpiletor amd dopopeTikéG GUYKEVIPMOGELS
KpioluoVv Kol omiviov HeETEAA®V Kot @uiolevel vavo-gykAsiopota  yoAnvimn,
yoinvoBiopovOwvity kot avtoeuovg  PiopovBiov. O yoikomupitng oamd  TIG
TOAVUETOAMKES Yohallokes OAEPES etvar 0 KUpLog Eeviotig Tov Ag Kot Tov Bi, evd
Bploketar pe popen vovo-eYKAEIGHATOV ceoaAepitn kot yoaAnvofiopovOwitn. O
c@aieping amd T1g ToAvUETOAAIKES PAEPES etvon popéag Cd, Hg ko In, ko prho&evel
vavo-gykieiopata yoAkomvpitn kot yoAnvitn. H petodroyevetikn dwdikacio o6to
Kolykd oyetileton pe vépobepuikd pegvotd pe Oeppokpacieg mov Kvpaivovior amod
240 émg 444 °C.

Yta Aompa Xopata to mopeupttikd koitacpa Cu-Au kot ot emBepuikéc eAEPeS
@uo&evoiviar 6e yYpavodopttikd mopevpn. O ypavodoptTikdg TopevPNG amoterel
TUAUO TOV Ypovodtopitn ZTpatmviov OAyokavikng NAKiag, o omoiog J1EIGOVEL GTO
kato téuayog (footwall) tov piypatoc Etpoatmviov. O cidnpomvpitng amoterel 10
KOpLo PETOAAMKSO 0puKTO Kot GYeTIlETAL LE TNV TOTACGIKY, T YAMPLTIKN-GEPIKITIKN
kot T ogpwitik  e&oAdoimon  (D-tomov  @AéPeg). H kaohviomon kot o
OTOYPOUOTICUOS TOL TOPPLPITIKOD Ypovoolopitn oyetilovion HE HETOYEVEGTEPO
embeppkd otddo. H oepuctikr] eorroimon kot ot D-tdmov @AéPec mepiéyovv
kpiowa Kot omdvia pétadia 6nwg Au, Co, In, Se, Te xor W, evd ot embBeppikég
oAEPeg meptrapPavouv Ag, Cd, Ga, Hg xar Sb. O cudnpomvpitng otig embeppikég
oAEPeg yapakmnpiletar and (ovadn avdmtuln pe vynAég teplektikdtteg o€ As, Au
kol Ag. Ta ymuka otoyeio Bi, Hg, V xou W anotédnkav xotd mpotepodtnto otov
oc@aiepitn, O6mov emiong ocvppetéyovv Ag, Cd, Ga, Ge, In, Nb, Sb kot Ti. Navo-
eykieiopata Poviaviepitn Ppiokoviar 1660 otov cwdnpomvpitn 660 KOl GTOV
cQaAepitn).

Ta amoteAéopato g mapodoag HeAETNG mpowBovv v yvodon et Tov
petaAroyevetikoh maaiciov oty Bopeta EALGSa mpocBétovtag véa ototyein oyeTikd
HE TNV TOPOLGIN KOl TNV KATOVOU TV KPICIH®V Kol GTAVIOV UETOAA®V GTIC VIO
puerétn petodhogopies. ‘Eppacn divetar oty petoAloyéveon tov Au-Bi-Te. v
Evomta Beptiokov, 710 mopoupttikd-emiBeppikd ovotiuato  OMYOKOIVIKNG-
Melokavikng mAkiog oyetiCovior pe eKTOTIKEG TEKTOVIKEG OlEPYOCies, &V O
OYNUATIOUOG TOV PAEPDOV TOL PLAOEEVOVVTOL GE UETAUOPPOUEVE TETpOUATO KATm
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Koawolowng (?7) - Mewokoviking mAIKiog amodidetor o€ TAAYI0-GUUTIECTIKN
(transpressional) kot mAdylo-extatiky (transtensional) textovikn. Xvykekpiuévol
eUmAOVTIONOl 08 KPIoWO Kol OOV, HETOAAD  OVTOVOKAOOV UETAPOAEG OTIG

(QULOIKOYNUIKES GUVONKEC TOV EMKPATOVGOV KATA TIC LETOAAOYEVETIKES dlePYOies.
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PREFACE

Diachronically, human societies extensively explored and exploited their natural
environment, the mineral raw materials it provided and their natural characteristics,
experimenting upon their uses and applications (Stdllner 2003). Marble, base metals,
and coal supported the welfare of human societies for centuries, while during the 20"
century a great dependence on oil and steel emerged.

Today, mineral raw materials are subdivided into metals, industrial minerals and
rocks, and energy minerals, and their availability critically affects the escalating
development of human societies. Gradually this development challenged the
sustainability of human societies by advancing their dependence on mineral raw
materials (McMahon and Moreira 2014). As a result, conflicts rose between mineral
raw materials exploitation, human societies, and natural environment (Sykes et al.
2016, Berman et al. 2017, Kivinen et al. 2020, Engels 2021). Under the social impacts
of these conflicts, the developed countries throughout the past decades forwarded the
decrease of domestic productions (Crowson 1996, High 2013, Sarra et al. 2019). This
decision was based on the wide availability of these raw materials from several
suppliers, as well as on secure and undisturbed supply networks (Chapman 2018).
During the late 20th century, this perspective led to a decline of exploration and
exploitation of minerals in the developed countries (e.g. member states of the
European Union, the United States of America) (High 2013, Chapman 2018).

In more recent years, the rapidly developing economies of the world (e.g. the
southeastern Asia countries: China, India) have incisively abrupt the supply and
consumption of mineral raw materials (Mancheri 2015, Barakos et al. 2016, McNulty
and Jowitt 2021). In addition, the Information Age, which succeeded the Industrial
Age, revealed the importance of new metals and industrial minerals such as Be, Bi,
Cd, Co, Cr, F, Ga, Ge, In, Li, Mg, Mn, Mo, Nb, Ni, Sb, Se, Sn, Sr, Ta, Te, Ti, V, W
and Zr, as well as graphite, rare earth elements (REE) and platinum group elements
(PGE) (Huston 2014). These commodities were defined as critical and rare to
highlight their strategic role and significance for the modern high-technology industry
(Moss et al. 2011). They are substantial to cutting-edge technological products; their
natural availability is restricted and they exhibit a risk in supply (Girtan et al. 2021).
Furthermore, the critical and rare metals are essential in the ongoing 4th industrial

revolution held by the developed countries. This industrial and technological
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transition targets to green technologies, including decarbonization and alternative
energy solutions, to artificial intelligence (Al), and to 5G networks (Grandell et al.
2016, Kalantzakos 2020). During the last decade, the criticality, availability, and
supply risk, have drove part of the developed countries (e.g. the EU, the USA,
Canada, Australia) to support and invest in domestic exploration and exploitation of
these mineral raw materials (Humphreys 2014, Goodenough et al. 2016, Granitto et
al. 2020, McNulty and Jowitt 2021).

Economic Geology is a major discipline in the scientific study of the mineral raw
materials (Pohl 2011). It contributes in the exploration for new mineral deposits, in
economic and technical evaluations, in rational exploitation, in reducing
environmental impact, and provides sufficient measurements of physical and chemical
stabilization, recultivation and renaturalization during the rehabilitation of a mine
(Pohl 2011, Ridley 2013).

Greece is characterized by a prolonged and systematic exploration and
exploitation of mineral deposits which favored the development of the cultural and
social life. Metals exploited and implemented in metallurgy are reported since the
Late Neolithic (Bassiakos et al. 2018). Iron, lead, tin, gold, copper and silver were
first systematically exploited during the Classical times (Ross et al. 2020, 2021).
Famous mines of antiquity were located at Lavrion, Thassos, Pangaion, and Lakonis
(Sanidas et al. 2016, Vaxevanopoulos et al. 2018, 2022, Ross et al. 2020, 2021).
During the Byzantine (4th to 15th centuries CE) and the Ottoman periods (15th to
19th centuries CE) Ag, Au, Fe, Cu and Mn were put in more systematic production
(Melfos and Voudouris 2017). Mines exploiting chromite, laterite, bauxite, iron-
manganese, and carbonate-replacement deposits were operating in Greece during the
20" century producing Cr, Ni, Al, Mn, Fe, Pb, Zn, Cu, Au and Ag (Melfos and
Voudouris 2017).

Galena, sphalerite, and gold-bearing pyrite and arsenopyrite are still mined
actively in northern Greece, while the country constitutes a major producer of Ni-Fe,
Al and Mg, within the European Union (Nerantzis 2016, Melfos and Voudouris
2017). Moreover, during the last two decades, exploration has revealed a significant
potential for the exploitation of Au, Ag, Cu, Mo, Re, Sb, W, Te, Ga and REE
(Arvanitidis 2010, Moss et al. 2011, Melfos and Voudouris 2012, Voudouris et al.
20134, Tsirambides and Filippidis 2016, Melfos and VVoudouris 2017, Voudouris et al.
2019a, 2022).
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The main target of this thesis was to investigate the critical and rare metals of
selected Cenozoic magmatic-hydrothermal ore mineralization hosted in the Serbo-
Macedonian metallogenic province in Northern Greece. The Vathi porphyry Cu-
Au+Mo deposit, the Gerakario porphyry Cu-Au and epithermal quartz-stibnite vein
mineralization, the Laodikino metamorphic- and quartz-hosted polymetallic
mineralization, the Kolchiko metamorphic- and quartz-hosted polymetallic vein
mineralization, and the Aspra Chomata porphyry Cu-Au and epithermal vein
mineralization were selected for this research. These mineralizations carry significant
critical and rare metals, and are the most proper examples for targets of academic
study and future exploitation.

This research was co-financed by Greece and the European Union (European
Social Fund- ESF) through the Operational Programme "Human Resources
Development, Education and Lifelong Learning”in the context of the project
"Strengthening Human Resources Research Potential via Doctorate Research — 2™
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CHAPTER 1. INTRODUCTION

1.1. Critical and rare metals — Definition and management

Sufficient water supply, agricultural lands, energy resources, organic, and mineral
raw materials diachronically operate as a solid base for a thriving human society.
These factors are in interdependent affinity with a healthy natural and socio-economic
environment (Sykes et al. 2016). Abruptions upon availability, supply, and access, to
these factors challenge the physical existence of societies. As the population rises and
the technology advances, the demand of raw materials grows even greater. As a result,
new elements acquire more importance and are almost exclusively consumed in high-
technology industry and in green technological applications. For example, bismuth
(Bi) is used in medical and atomic research, lithium (Li) is needed in batteries,
rhenium (Re) in superalloys and tellurium (Te) in solar cells (Moss et al. 2011,
Graedel et al. 2014).

The earth’s crust exhibits a wide variability of metals (Graedel et al. 2014). Major
industrial metals, such as Fe, Al and Ti, exhibit crustal abundances on the order of
weight percent (wt.%), while the crustal abundances of precious metals (e.g. Au, Pt,
Os), REE, and other metals such as Se, In, Te and Re are usually on the order of parts
per million (ppm) or parts per billion (ppb) (Graedel et al. 2014, Figure 1.1).
Geologically, these metals are called “rare” as they are characterized by low
concentrations in various rock types and deposits, resulting in scarce occurrences of
economically valuable concentrations (Ayres and Peiro 2013, Watari et al. 2020).
They include Be, Bi, Cd, Co, Cr, F, Ga, Ge, In, Li, Mg, Mn, Mo, Nb, Ni, Sb, Se, Sn,
Sr, Ta, Te, Ti, V, W, Zr, REE and PGE (Huston 2014).

Ore deposits are formed under a combination of geological processes and
circumstances (e.g. magmatism, thermal conductivity, fluid circulation, entrapment,
weathering, diagenesis etc, Pohl 2011). They constitute areas of the earth’s crust
where one or more elements are concentrated in a relative abundance reaching
economic levels (Pohl 2011). Nevertheless, besides geological factors there are more
aspects controlling the exploitation and economic value of an ore deposit. They
primarily include political, social, and environmental factors, as well as technical
factors related to exploitation and production processes (Pohl 2011). The concept of
“reserves and resources” is the result of the junction between the global metals market

and the economic value. The term “resources” refers to a commodity, which is, or will
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be, economic, while the term “reserves” highlights a part of the commodity resource,
which has been fully geologically evaluated and its exploitation is commercially
viable and legal (Pohl 2011, Ridley 2013).
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Figure 1.1. The abundances of industrial metals (red), precious metals (purple), and rare earth
elements (blue) in the Earth’s upper continental crust as a function of atomic number

(adapted from Graedel et al. 2014).

The formation of ore deposits is subjected to geological processes and their
distribution exhibits a wide heterogeneity in a global scale (Sillitoe 2010, Verplanck
and Hitzman 2016). This heterogeneity, when combined with political factors, may
lead to production and export control and supply risk of a certain commodity
(Mancheri 2015, Kalantzakos 2020). Subsequently, a key factor affecting the level of
criticality of a mineral commodity is geo-politics (Chapman 2018).

The term “rare metals” is usually coupled with the terms “critical” or “strategic”
metals (Ayres and Peiro 2013, Bertrand et al. 2016). Rarity is a prominent geological
factor, while criticality reflects industrial and market values, and is defined by the
importance of a specific metal to the high-technological industrial sector and by

demand and supply (Watari et al. 2020). The list of critical metals is subject to
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periodic assessment and review (Watari et al. 2020). In addition, it slightly varies
among diverse countries (Table 1.1). The 2020 European Commission (EC) critical
raw materials (CRM) list includes the following metals: Be, Bi, Co, Ga, Ge, Hf, In,
Li, Nb, Sb, Sc, Sr, Ta, Ti, V, W, REE and PGE (European Commission 2020).

During the last decade, the EC has carefully focused on policies regarding the
mineral resources exploration and exploitation. Taking into consideration economic
and technical feasibility factors, the Member States of European Union (EU) should
turn on exploring and developing their domestic mining potential, building a stronger
economic society and securing the industrial future and independence (European
Commission 2020). The EC has funded several projects examining the domestic
potentials and the global challenges faced with respect to access to CRM (cf.
Arvanitidis and Goodenough 2014, Goodenough et al. 2016, Sadeghi et al. 2020). The
new growth strategy implemented by the EC under the name “European Green Deal”
emphasizes the need of a sustainable supply of CRM by setting it as a pre-requisite
(European Commission 2019). The supply strategy should be diversified and based
both in primary and secondary sources (European Commission 2019). Economic
geology can contribute in this task by advancing the knowledge concerning the
distribution, host minerals, and enrichment mechanisms of critical metals in ore
deposits. These factors are of major importance as they allow more efficient
exploration and extraction. In addition, they reflect in the development of the
domestic production, which subsequently downsizes supply risk and dependence on

imports (Humphreys 2014, Figure 1.2,).

Table 1.1. Critical raw materials as defined by the EC and other countries. All entries are
listed alphabetically.

Organization Defined critical metals Reference
European B, Ba, Be, Bi, Co, F, Ga, Ge, Hf, In, Li, Mg, Nb, S, Sc, European
CommFi)ssion Ta, V, W, REE and PGE, as well as bauxite, coking coal, natural Commission

graphite and rubber, phosphate rocks, phosphorus, silicon metal (2020)
DeUZ::rCfeﬁfgﬁhe Al, As, Ba, Be, Bi, Co, Cr, Cs, F, Ga, Ge, He, Hf, In, Li, Mg, Mn, Dliaz:g(r)nre(nztoolfst)he
P . Nb, Rb, Re, Sc, Sn, Sr, Ta, Te, Ti, U, V, W, Zr, REE and PGE, as - '
Interior, The White well as natural araphite. potash The White House
House graphite, p (2021)
Geoscience Co, Cr, Ga, In, Li, Mg, Mn, Mo, Nb, Ni, Sb, Ta, Te, V, W, REE Skirrow et al.
Australia and PGE (2013), Mudd et
al. (2019)
People’s R_epubllc of Be, Co, Cs, Ga, Ge, Li, Nb, Ni, Rb, Re, Sc, Se, Sn, Ta, V, W, REE van et al. (2021)
China and PGE

Government of the
Russian Federation

Ag, Au, Be, Co, Cr, Cu, Ge, Li, Mn, Mo, Nb, Ni, Pb,
Re, Sh, Sc, Sn, Ta, Ti, U, W, Zr, REE and PGE, as well as bauxite,
diamonds and ultra-pure quartz

Chakhmouradian
et al. (2015)
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Figure 1.2. Major supplier countries of critical raw materials to the European Union (adapted

from European Commission 2020).

Supply risk of raw materials has been a major concern of human societies since
antiquity (Sykes et al. 2016). In modern era, criticality definition and assessment of
raw materials was first attempted by the United States of America and the EU during
the 1970s (Buijs and Sievers 2011, Graedel et al. 2014). Since then the developing
needs of industry and technology, the changing geo-politics, and the progresses in
mining technology advances have several times refreshed the enlisted critical metals
(Buijs and Sievers 2011). As technology advances metals that used to be essential,
become obsolete and the need of new metals is rising (Huston 2014). Lithium is
considered a critical metal, as it is essential in the manufacturing of Li-ion batteries,
which are used in high-technological apparatus. Lithium criticality in the battery
industry has replaced the criticality of Ni, Pb and Zn, and is most certain that as
technology advances Li will also be replaced (Chakhmouradian et al. 2015).

Back in 2008, the United States of America national research council applied a
two-parameter model to assess mineral raw materials, while in 2010 the EC used the
same model to produce its first report on CRM of the new technological age
(European Commission 2010, Graedel et al. 2014). In this two-parameter model the
investigated metals are scored according to both the impact and the risk of supply
restriction (Graedel et al. 2014, Figure 1.3). The supply risk is defined by the political
stability of the producing countries, the potential to substitute the metals, the

environmental risks associated with mining, and the extent of recycling, whereas the
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definition of supply restriction (or economic importance) includes the impact of
supply disruption on European industry (European Commission 2010, Figure 1.3).

Criticality is affected also by the geographical area and the intended usage (Table
1.1). Regardless of the fact that the criticality assessment results may vary from
country to country, the importance of metals such as Co, Ga, Ge, In, Li, Mg, Sh, Ta,
Te, W, REE and PGE is profound (Table 1.1). The assessment of criticality is a
complex matter and evolves processes in which data incorporation and expert
judgments, especially in terms of supply risks and emerging technologies, are
prerequisite (Mudd et al. 2019).
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Figure 1.3. Criticality assessment results of 83 mineral raw materials (individual materials

and groups e.g. LREEs, adapted from European Commission 2020).

Advances in substitution and recycling of certain CRM, as well as stockpiling, can
diminish supply risks and overcome supply restrictions. However, these solutions bear
new risks (Buijs and Sievers 2011, Graedel et al. 2014). Substitution may cause
efficiency issues, recycling is energy consuming and cannot fully cover demand,
while stockpiling affects market, intensifying the problem (Buijs and Sievers 2011,
Graedel et al. 2014). Optimum exploration and mining methods, advanced

metallurgical research targeting to more efficient extraction methods, and more
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sustainable product manufacturing and productive recycling, can greatly serve in
downsizing overall risks on CRM (Graedel et al. 2014).

Many CRM are co- or by-products of the production of industrial metals (Figure
1.1, 1.4). Bi, Te, Re and PGE can constitute co-products of copper and molybdenum
found in magmatic-hydrothermal deposits (e.g. porphyry deposits), gallium is a co-
product of aluminum production from bauxite, while some REEs are by-products in
bauxite residue (McFall et al. 2018, Gamaletsos et al. 2019). The production of CRM
as co- or by-products of the industrial metals production can add to the economic
value of a mine. In addition, the secondary character of the production secures the
mine life and operational stability against technological advances or market changes
that may affect the supply demand of a certain CRM (Mudd et al. 2019).

Figure 1.4. Wheel chart depicting metal companionality. Major industrial metals form the
inner blue cycle. Minor metals and elements related to major metals appear in the
outer space at distances proportional to the percentage (0 to 100%) of their primary
production. The white outer circle includes elements for which the percentage of their

production related to major metal is not yet determined (adapted from Nassar et al.
2015).
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Consequently, operating mines producing industrial metals, such as Cu, Fe and Ni
are ideal targets for research on CRM production potentials. Thus, the distribution of
the CRM in the host minerals and their behavior during exploitation processes are of
major interest. Nevertheless, these research topics are also of major significance in
greenfield prospects and yet undeveloped deposits. The research on the source,
distribution, and mineralogy of critical and rare metals participating in undeveloped
prospects may support the future development of smart and small scale mines
operating under the Green Deal agreement in the EU by adding to them additional

value and production sustainability.

1.2.  Porphyry ore deposits and their satellite mineralization

1.2.1. Genetic model and metal sources

Porphyry Cu deposits constitute voluminous (10 - >100 km® and low grade
magmatic-hydrothermal ore deposits (Sillitoe 2010). They are primarily associated
with magmatic arcs constructed above active or ancient subduction zones at
convergent plate margins (Sun et al. 2015, Figure 1.5a). In this setting, above
batholiths and below volcanic chains, large volumes of hydrothermally altered rock
centered on porphyry Cu stocks are found (Sinclair 2007, Seedorff et al. 2008, Sillitoe
2010, Richards 2011, Korges et al. 2020, Figure 1.5b). The magmatic rocks related to
porphyry Cu systems mainly exhibit calc-alkaline affinities and felsic to intermediate
compositions. Nevertheless, porphyry Cu deposits formed in post-subduction settings
could also be described by alkaline affinities (Richards 2011, Figure 1.5c-e).

Partial melting of the hydrated mantle wedge beneath subduction related island-
arc and back-arc settings, results in the formation of ultramafic to mafic cumulates in
a zone described by melting, assimilation, storage and homogenization (MASH)
processes (Sillitoe 2010, Sun et al. 2015). Magma produced in this zone is sulfur
saturated and enriched in volatiles, silica, large-ion lithophile elements (LILE, e.g. Ba,
K, Rb, Sr) deriving from the subducted slab, and in high field strength elements
(HFSE, e.g. Hf, Nb, Ta, Th, U, Zr and REE) deriving from the mantle wedge (Sun et
al. 2015). It forms diapirs that move upwards developing calc-alkaline batholiths of
granitic to dioritic compositions and equigranular textures (Figure 1.5b, Richards
2011). These batholiths have a lifespan of between 100 Kyr to 30 Myr and are
periodically rejuvenated by intermediate or mafic magma from the MASH zone

(Rezeau et al. 2016). Later on, from these batholiths several porphyry intrusions are
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impelled in shallow depths up to 5 km, towards the surface forming stocks (Seedorff
et al. 2008, Sillitoe 2010). The batholiths can be associated with several porphyry
deposits, whereas co-magmatic subaerial volcanic rocks are found at the surface
slightly pre-dating the porphyry stocks formation (Sillitoe 2010). Usually, this
volcanism is effusive, and not explosive, favoring the entrapment of the necessary
magmatic volatiles needed in the development of the related epithermal style
mineralization (Sillitoe 2010, Wang et al. 2019).

Copper, Ni and Au contents in arc magmas is ascribed primarily to mantle, as
well as to pre-existing Cu-rich cumulates (Wilkinson 2013). In addition, ore deposits
from an earlier subduction cycle may enhance magma fertility (Wilkinson 2013). In
contrast, molybdenum is related to crustal assimilation (McFall et al. 2018). During
MASH processes, chalcophile elements will partition strongly into sulfide phases
relative to silicate melts, while siderophile elements will preferentially partition in the
metallic phases, resulting in magmas depleted in metals (Richards 2011). Thus, a
mechanism for metal enrichment in arc magmas was suggested, including magnetite
crystallization in the oxidized magma chamber, the reduction of the melt, and the
formation of an immiscible sulfide melt (Jenner et al. 2010). Reduced country rocks
(e.g. shales, limestones) could also be assimilated in magma further enhancing this
mechanism and metal fertility (Cloos 2001). Additionally, Nadeau et al. (2010) have
suggested that Cu and Au fertility may be affected by the periodic injection of mafic
magma into the batholith, the volatile exsolution and dissolution of sulfide into the
volatile phase, and the transportation of these metals in reduced sulfur species. During
the formation of the porphyry stocks, pressure reduction and/or mafic melt input
exsolve these metals from the magma and subject them to hydrothermal transportation
and precipitation in veins and potassic alteration (Sillitoe 2010). In these
hydrothermal fluids Cu and precious metals are transported as sulfide complexes or
chlorine ligands (Audétat et al. 2008). The final deposition of ore minerals includes
mechanisms that include, temperature drop and solubility reduction of ore minerals,
expansion of the magmatic vapor causing pressure changes, shifts in oxidation state of
the fluid due to wall rock interaction, halite precipitation uncoupling CI from metal
bearing ligands, salt saturation, and reaction between shallow brines and magmatic
vapor (Sillitoe 2010, Weis et al. 2012, Richards 2013, Lecumberri-Sanchez et al.
2015, Blundy et al. 2015).
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Richards 2011).

Porphyry deposits are also associated with post-collisional settings, including
lithospheric thickening and thermal rebound, subcontinental lithospheric mantle
delamination, and lithospheric extension (Richards 2009, Richards 2011, Figure

1.5d,e). The parent rocks of mineralization are high-K (+ Na) calc-alkaline to strongly
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alkaline products of small volume magmas which are spatially isolated (Richards
2011). Regarding their formation, it is suggested that they derive by partial remelting
of the metasomatized lithospheric roots and hydrous cumulate zones of former arc
systems (Richards 2011). Furthermore, post-collisional extension may cause
decompression melting in the upwelling, subduction-metasomatized asthenosphere.
Thus, alkaline mafic magmas are formed, which can later ascend to upper crustal
levels through trans-lithospheric extensional structures (i.e. detachment faults)
(Richards et al. 2009, Moritz et al. 2016).

Magmas associated with post-subduction porphyry deposits are described by
crustal radiogenic isotopic signatures, depletion in HFSE, and by high contents of
LILE, inheriting these characteristics to the final porphyry intrusions (Richards 2009).
These geochemical characteristics are related to extensive crustal assimilation and
mixing with mantle derived magmas. In addition, post-subduction porphyries are
characterized by Au enrichments, resulting in high Au/Cu ratios, and by elevated Ni
and PGE concentrations (Richards 2009). Au, Ni and PGE exhibit a more siderophile
than chalcophile affinity during the formation of the subduction related porphyry
deposits producing Au-Ni-PGE enriched residual phases in the MASH zone (Richards
2009, Figure 1.5b). During the post-subduction stage these residual phases re-
dissolve, enriching the ascending low-sulfur magma, which will finally produce
porphyry and high to low-sulfidation epithermal mineralizations (Richards 2009,
Wang et al. 2019).

1.2.2. Anatomy — Ore mineralization — Critical and rare metals

The porphyry deposits are subcategorized to porphyry Cu-Mo-Au, alkalic
porphyry, and porphyry Sn (John et al. 2010, Sillitoe 2010, Richards 2009, 2011,
2013). They are hosted in small intrusions forming stocks or dikes, which are products
of the underlying precursor pluton. The porphyry intrusions are I-type, calc-alkaline to
alkaline in affinity and belong to the magnetite-series (Seedorff et al. 2008). The final
porphyry deposit is usually hosted in multiple overprinting intrusions, which display
typical porphyritic textures (Sillitoe 2010).

Hydrothermal alteration and mineralization occur within and at the periphery of
the porphyry intrusions, exhibiting an outward cylindrical to oval zoned development
(Sillitoe 2010, Halley et al. 2015, Figure 1.6a). Hydrothermal alterations commonly
include: a) a centered potassic alteration with K-feldspar and biotite as key minerals,
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b) a peripheral propylitic alteration comprising of chlorite, albite, calcite, epidote and
hematite, and c) a sericitic alteration (also called phyllic) in the upper parts of the
porphyry system, including mainly sericite, illite, chlorite, quartz and relic feldspar
(Sillitoe 2010, Halley et al. 2015, Figure 1.6a). In the periphery and towards the lower
limits of the ore zone of some porphyry deposits the sodic-calcic alteration is
documented, including mainly albite, actinolite and magnetite (Sillitoe 2010).
Centered to the potassic alteration and developed upwards towards the surface, the
late intermediate argillic alteration is found including smectite, illite, kaolinite,
chlorite and relic feldspar (Halley et al. 2015).

On the surface, above the porphyry system a lithocap is found associated with
intermediate argillic (illite-chlorite-smectite-relic feldspar) and advanced argillic
(pyrophyllite-alunite-topaz) alterations (Halley et al. 2015). These late alterations, as
well as sericitic alteration, may also exhibit a strong overprint to earlier alterations.
The formation of these hydrothermal alterations is the result of the progressive
cooling by mixing of the magmatic fluids with meteoric water, starting from
temperatures above 700 °C and reaching temperatures below 250 °C (Sillitoe 2010).

Eruptions forming phreatic breccias commonly occur during the latest stages of
the porphyry deposits formation (Figure 1.6b). Mixing between magma and meteoric
water may form these vertical columnar formations, reaching 2 km in depth and
several meters in diameter (Sillitoe 2010, Figure 1.6b). These are usually slightly
altered and depleted in metal content, but enriched in high-sulfidation Au
mineralization (Sillitoe 2010).

In the hydrothermally altered host rocks the mineralization is found in
structurally controlled veins, commonly forming stockworks, as well as
disseminations (Sillitoe 2010, Halley et al. 2015). Multiphase porphyry stocks and
dikes produce various vein types. Thus, vein paragenesis is very important in
understanding the relation between veins and particular minerals and elements
(Sillitoe 2010, Halley et al. 2015). Veins in porphyry deposits are divided in three
categories including: (1) early M- and EB-types (potassic and sodic-calcic alterations,
respectively), (2) intermineral A- and B-types (potassic alteration), and (3) late D-type
veins (sericitic alteration, Sillitoe 2010).
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Figure 1.6. a. The distribution of hydrothermal alterations in a porphyry Cu deposit and
associated key ore minerals (Bn = bornite, Cct = chalcocite, Cpy = chalcopyrite, Cv =
covellite, Eng =enargite, Ga = galena, Py = pyrite, Sph = sphalerite, Tnt = tennantite,
modified after Sillitoe 2010). b. The anatomy of a telescoped porphyry Cu system
comprising a centrally located porphyry Cu-Mo-Au deposit. The mineralization styles

occurring in the proximal or distal periphery of the porphyry deposits are also shown.

Critical and rare metals, associated with the porphyry and their satellite

mineralization, are highlighted in blue color (modified after Sillitoe 2010, Hofstra and
Kreiner 2020).
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Early veins are planar, do not contain quartz and sulfides, and lack alteration
salvages (Arancibia and Clark 1996). Their mineralogy includes actinolite, magnetite
(M-type), biotite (EB-type), plagioclase and K-feldspar (Sillitoe 2010, Arancibia and
Clark 1996). The A- and B-type veins exhibit sinuous to planar shapes, ranging from
stockworks to subparallel sheeted arrays with restricted alteration salvages. The A-
type veins consist mainly of quartz, magnetite, chalcopyrite and bornite, while the B-
type veins contain mostly quartz, molybdenite, chalcopyrite and pyrite (Sillitoe 2010).
The D-type veins are planar in shape, enveloped in alteration salvages of various
sizes, and host quartz, pyrite and chalcopyrite (Sillitoe 2010). Additionally, the E-type
veins are described in several porphyry deposits (Pudack et al. 2009, Voudouris et al.
2013b, Mavrogonatos et al. 2020, Melfos et al. 2020). This type of veins occurs in the
periphery of the porphyry system and is described by epithermal affinities (Pudack et
al. 2009). Mineralogically they usually consist of enargite, famatinite, sphalerite and
galena and they are commonly rimmed by quartz and calcite (Pudack et al. 2009).

Pyrite is the major Fe-mineral and is ubiquitous in the potassic, propylitic, and
sericitic alterations related to disseminations and to vein-style mineralization (A, B, D
and E types, Pudack et al. 2009, Sillitoe 2010). Chalcopyrite, bornite and chalcocite
are the most important copper minerals, while Mo mainly occurs as molybdenite.
Chalcopyrite is mined for Cu, but Ag is also extracted as a by-product (George et al.
2018). With respect to hydrothermal alterations and vein-style mineralization in
porphyry systems, chalcopyrite exhibits a distribution similar to pyrite, with a more
restricted presence in propylitic alteration (Sillitoe 2010). Molybdenite, when present,
occurs deeper than the Cu-Au ore body or along the periphery of the intrusion (Ridley
2013). Native gold is hosted as small inclusions in bornite and chalcopyrite or as solid
solutions in bornite (Sillitoe 2010). Pyrite distribution increases outwards the Cu ore
body, and in large deposits may be traced for kilometers. Galena, sphalerite,
tetrahedrite-tennantite, and Au-Bi-tellurides are associated with several porphyry ore
assemblages (Sillitoe 2010).

Magnetite and titanite found in sodic-calcic and potassic alterations and in M-
type veins are not considered as ore minerals, but their study serves as a potential
exploration tool for Au-rich ore zones and can help discriminating barren from
mineralized intrusions (Tiepolo et al. 2002, Cao et al. 2015, Nadoll et al. 2015, Huang
et al. 2019, Mavrogonatos et al. 2019).
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Despite their varied ore context, porphyry deposits have much lower grades than
other ore types, and contain Cu from 0.2 to 1.3%, Mo from 50 to 300 g/t, and Au from
0.004 to 0.35 g/t (Sinclair 2007, John et al. 2010). However, the voluminous size of
porphyry deposits makes them economically valuable. Thus, porphyry deposits are
the main suppliers of the world’s Cu and Mo production, while they are major sources
of Au, Ag, Re, Pb and Zn (Cooke et al. 2014, Arndt et al. 2017). They are also
important sources of the critical and rare metals: Bi, Co, In, Te, Se, Pd and Pt, which
are mined as by-products (Sinclair 2007, John et al. 2010, Cooke et al. 2014, John and
Taylor 2016, McFall et al. 2018).

The consolidation of the porphyry intrusions, the major alteration events, and the
ore formation spans in time from 2000 to 100,000 years (Sillitoe 2010). Furthermore,
the hydrothermal alteration and metal zonation may define kilometer scale haloes
around the central ore zone (Sillitoe 2010). Consequently, in the periphery of the
porphyry stocks a variety of satellite deposits may be developed including greisen,
skarn, carbonate replacement, polymetallic veins, epithermal, and sediment-hosted
(Figure 1.6b, Hedenquist et al. 2000, Sillitoe 2010, Wang et al. 2019). The term
"intrusion-related” is commonly used to summarize these deposits (Sillitoe and
Thompson 1998)

The criteria for the intrusion-related deposits according to Lang and Baker
(2001) comprise: (1) subalkalic intrusions (metaluminous, intermediate to felsic
compositions, near the boundary of ilmenite-magnetite series), (2) carbonatic
hydrothermal fluids, (3) metal assemblage combining Au with Bi, W, As, Mo, Te,
and/or Sb and restricted concentrations of base metals, (4) reduced mineral
assemblage including arsenopyrite, pyrrhotite and pyrite with low sulfide mineral
content (<5 vol%) and lack of magnetite and hematite, (5) very restricted and weak
hydrothermal alteration, except in systems formed near the intrusions, (6) convergent
tectonic system hosting magmatic rocks of alkalic, metaluminous, calc-alkalic, and
peraluminous compositions, and (7) proximity to magmatic provinces comprising W
and/or Sn deposits.

These satellite deposits may be proximal or distal to the porphyry stocks and they
exhibit slight, yet distinctive in proportions, variations in metal endowment. Sillitoe
and Thompson (1998) describe five probable transitional metal associations for the
intrusion-related deposits including: Au-Fe oxide-Cu, Au-Cu-Mo-Zn, Au-As-Pb-Zn-
Cu, Au-Te-Pb-Zn-Cu and Au-As-Bi-Sh. A spatial organization of these associations

35



includes the proximal Au-As + (Sn, W, Sb and base metals) and the distal Au-As-Sb-
Hg + (Ag, Pb, Zn) deposits (Lang and Baker 2001). More recently, Hofstra and
Kreiner (2020), based on the variable proportions of the same principal commodities
(Cu, Zn, Pb, Ag, Au) and critical metals (Ge, Ga, In, Bi, Sb, As, W, Te) found in these
deposits, used the overarching term "polymetallic S-R-V-IS" to collectively refer to
skarn, replacement, vein, and intermediate sulfidation deposits (Table 1.2, Hofstra and
Kreiner 2020).

Table 1.1. Deposit types related to porphyry Cu-Mo-Au systems and the principal, critical
and rare metals hosted in them (modified from Hofstra and Kreiner 2020 and references
therein).

Deposit types Principal commodities Critical and rare metals
Greisen Mo, W, Sn W, Sn
S-R-V tungsten W W, Bi, Mn
Porphyry/skarn molybdenum Mo, W, Sn W, Re, Bi
Porphyry/skarn copper Cu, Au, Ag, Mo PGE, Te, Re, Co, Bi, U
Skarn iron Fe, Cu Ge
Polymetallic S-R-V-IS Cu, Zn, Cd, Pb, Ag, Au  Mn, Ge, Ga, In, Bi, Sh, As, W, Te
Distal disseminated silver-gold Ag, Au Sh, As
High-sulfidation gold-silver Cu, Ag, Au As, Sbh, Te, Bi, Sn, Ga
Lithocap alunite and kaolinite Al, K,SO,, Kaolin Al, K,SO,, Ga

Abbreviations: S-R-V = skarn-replacement-vein, S-R-V-IS = skarn-replacement-vein-intermediate sulfidation.

1.2.3. Critical and rare metals - Mineral chemistry and nano-scale inclusions

During the past few years several works are investigating the trace elemental
compositions of pyrite, chalcopyrite, magnetite and titanite by means of LA-ICP-MS
(Deditius et al. 2011, Xu et al. 2015, George et al. 2018, Huang et al. 2019, Keith et
al. 2020). A more restricted, yet advancing, literature was focused on arsenopyrite,
sphalerite, tetrahedrite and stibnite geochemistry (Cook et al. 2009, 2013a, Frenzel et
al. 2016, George et al. 2017, Li et al. 2019, Fu et al. 2020). The study of the trace
element contents in these minerals contributes to the understanding of the ore-forming
processes related to different ore deposit types and reveals the exploration and
exploitation potentials of specific ore deposits in respect to critical and rare metals.
Pyrite, chalcopyrite, arsenopyrite, sphalerite, tetrahedrite and stibnite are associated
with varying amounts of critical and rare metals incorporated as: (1) solid solution or
nanoparticles in crystal lattice, (2) nano-scale mineral inclusions, and (3) visible
micro- to macro-scale mineral and fluid inclusions (Deditious et al. 2011, Cook et al.
2009, 2013a, George et al. 2017, 2018, Dmitrijeva et al. 2020, Keith et al. 2020, Fu et

al. 2020). These inclusions can be formed through direct precipitation from the multi-
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stage hydrothermal fluids into the minerals, or from processes such as overgrowth and
recrystallization leading to exsolution, remobilization, and resorption of trace
elements (Deditious et al. 2011, Cook et al. 2013a, George et al. 2018).

Pyrite (FeS;) and chalcopyrite (CuFeS;) are two common sulfide minerals found
in most ore deposit types (Abraitis et al. 2004, Deditius et al. 2011, George et al.
2018). Ubiquity, a strong refractor character and stability under changing
physicochemical conditions characterize pyrite (Deditius et al. 2011, Keith et al. 2020,
Dmitrijeva et al. 2020). These aspects constitute pyrite a suitable mineral for the study
of ore-forming processes (Abraitis et al. 2004, Deditius et al. 2011, Keith et al. 2020).
Pyrite is an important host of several metals and metalloids including As, Hg and TI
in a weight percent (wt.%) level, and Co, Ni, Cu, As, Se, Mo, Ag, Sh, Te, Pb, Bi, Au
and platinum group elements (PGE) in trace amounts (ppm levels, Keith et al. 2020,
Dmitrijeva et al. 2020). These trace elements are found as solid solutions in pyrite and
as complex nano-scale mineral inclusions (e.g. electrum, galena, tellurides, cinnabar)
(Deditius et al. 2011, Keith et al. 2020).

Chalcopyrite may contain significant amounts of Ag, Se and Hg (in wt.% level) as
well as a wide range of trace elements including Mn, Co, Zn, Ga, Cd, In, Sn, Sb, TlI,
Pb and Bi (in ppm levels) (George et al. 2018, Reich et al. 2020, Marfin et al. 2020).
In the absence of other co-crystallizing sulfides, chalcopyrite is characterized by an
increasing ability to host lattice bound trace elements (George et al. 2018). Higher
amounts of Ga and Sn in respect to other co-crystallizing sulfides are reported from
chalcopyrite formed in high temperatures and/or pressures (George et al. 2018).
Inclusions of other minerals and nanophases are commonly found in chalcopyrite, and
mainly include sphalerite and micro-inclusions related to Zn-, As-, Pb- and Au-
bearing mineral phases (George et al. 2018).

Arsenopyrite (FeAsS) is associated with trace elements including Co, Ni, Sh, Cu,
Se and Te (in ppm to wt%. level), which are lattice bound and to Au, Ag, Pb and Bi
(in ppm level) found as nanoparticles in growth zones or in cracks (Cook et al. 20133,
Li et al. 2019). Arsenopyrite commonly occurs in various magmatic-hydrothermal
systems and is subjected to overgrowth and recrystallization resulting especially in
gold (i.e. refractory or invisible form) enrichments.

Sphalerite (ZnS) incorporates a wide variety of trace elements in solid solution.
Reported trace elements include Mn, Cd, In, Sn and Hg (in wt%. level) and Co, Ga,
Ge, Mo, As and TI (in ppm level) (Cook et al. 2009, Frenzel et al. 2016). Pb, Sb, Bi
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and Au are mainly ascribed to nano- to micro- scale mineral inclusions, while Ag, Cu,
Fe and Se may be related either to solid solution or mineral inclusions (Cook et al.
2009). Enrichments in Co and In are related to higher temperature ores, while Ga, Ge,
Hg and Sn enrichments to lower temperature ores (Cook et al. 2009). In addition,
when Ga and Ge are significantly incorporated in sphalerite, In content is depleted
(Cook et al. 2009). Chalcopyrite, galena, native gold, tennantite-tetrahedrite, and a
range of other sulfosalts and tellurides can be hosted as mineral inclusions in
sphalerite (Cook et al. 2009). Principal component analysis conducted by Frenzel et
al. (2016) demonstrates a positive correlation between Zn and Mn in sphalerite, and a
negative correlation of Fe-Mn and Ge-Ga. Ag, Cu, Cd, Co and In contents are not
correlated either to Fe-Mn or to Ge-Ga.

Tetrahedrite [(Cu,Fe,Zn,Ag)12ShsS13] is the Sb end member of the continuous
solid solution series with the As-bearing tennantite. Tetrahedrite may contain
significant amounts of Fe, Zn and Hg (in wt%. level), elevated values of Bi, Cd, Co
and Mn, exceeding 1000 ppm, and minor amounts of Au, Ga, In, Mo, Ni, Te, Se, Sn
and W (in ppm level, George et al. 2017). In co-crystallizing basic metal sulfides,
tetrahedrite is enriched in Ag, As, Cu, Fe and Sb, and depleted in Ga, In and Sn
(Hansen et al. 2003, George et al. 2017). Galena nano-scale inclusions are commonly
found in tetrahedrite, while Sn enrichments may reflect stannite participating in solid
solutions (George et al. 2017). In addition, other mineral members of the tetrahedrite-
tennantite group may be incorporated in tetrahedrite or tennantite as solid solutions
(i.e. freibergite, giraudite, goldfieldite, argentotennantite, argentotetrahedrite) (Hansen
et al. 2003, George et al. 2017).

Stibnite (Sbh,S3) trace elemental composition is not yet widely explored (Fu et al.
2020). Copper, Pb and As are mentioned as the main lattice bound substitutions for Sb
in stibnite (in wt% level), whereas Au, Ag, Bi, In, Mo, Sn, Co, Cr, V, Zn, Ni, Ga, Ge,
Rb, Sr, Pd, Cd and U can be incorporated in minor amounts (ppm level), related to
nano-scale mineral inclusions (Fu et al. 2020). These inclusions comprise a range of
low temperature sulfides, sulfosalts and arsenides (e.g. marcasite, chalcopyrite,
16llingite, berthierite, galena) (Cook et al. 2013b). Stibnite may also be enriched in
REE, especially in light REE such as Ce and La (Wang et al. 2012).

Magnetite and titanite are common accessory minerals in igneous and
metamorphic rocks and in magmatic-hydrothermal ore deposits (Nadoll et al. 2014,
Xu et al. 2015). Magnetite (Fes04) commonly contains trace elements including Ca,
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Mg, Si and Ti (in wt.% level), and Ag, Al, As, Au, Co, Cr, Cu, Ga, Mg, Mn, Mo, Ni,
Pb, V and Zn (in ppm level) (Nadoll et al. 2014, Deditius et al. 2018, Huang et al.
2019). Al, Co, Cr, Ga, Mg, Mn, Ni, Ti, V and Zn typically substitute primary cations
In magnetite participating in the crystal lattice (Nadoll et al. 2014, Huang et al. 2019).
Additionally, Al, Ca, Mg, Na, Si, Ti and V can be found as nanoparticles (i.e. nano-
scale minerals, solid solutions) along growth or sector zones of magnetite (Deditius et
al. 2018). Furthermore, high contents of P, Ti, V, Mn, Zr, Nb, Hf and Ta and low
contents of Mg, Si, Co, Ni, Ge, Sb, W and Pb can distinguish igneous from
hydrothermal (porphyry and skarn related) magnetite species (Nadoll et al. 2014,
Huang et al. 2019). Overall igneous magnetite exhibits a more stable trace elemental
signature than hydrothermal magnetite (Nadoll et al. 2014, Huang et al. 2019). This
could be associated to the varying duration and temperatures of the multiple-fluid
events resulting in the formation of hydrothermal magnetite (Deditius et al. 2018).

Titanite (CaTiSiOs) incorporates significant amounts of Al, Fe, Na, K, U, Th, Sr,
Y, Mn, Pb, Nb, Ta, Zr and REE (Xu et al. 2015). Al, Fe, Na, K and Mn are found in
weight percent (wt.%) levels (Tiepolo et al. 2002, Cao et al. 2015). Chemical
substitutions result in the enrichment of titanite in U, Th, Sr, Y, Nb, Ta, Zr and REE
(Cao et al. 2015). Rare earth element concentrations, especially for Ce and Nd, can
reach up to tens of thousands of parts per million (Xu et al. 2015). These elements are
found structurally bound in titanite (Tiepolo et al. 2002, Cao et al. 2015).

1.3. Western Tethyan metallogenic belt: Serbo-Macedonian and
Rhodope metallogenic provinces

The closure of the oceans of Paleotethys and Neotethys between middle Paleozoic
and the present, have led to the formation of the Tethyan orogenetic belt which
stretches for more than 10,000 km from the Western Mediterranean to Southwestern
Indonesia (Richards 2015, Wang et al. 2020). Tethyan metallogenic belt (TMB) is co-
incident to the Tethyan orogen and is sub-divided into the Western and the Eastern
Tethyan metallogenic belts (Figure 1.7, Richards 2015). Several small and mainly
short-lived back-arc basins were formed between Mesozoic and Cenozoic along the
Tethyan orogenetic belt (late Jurassic to Miocene, Richards 2015). Thus, several
major porphyry deposits are found along the TMB and during the last two decades 50
new Cu-deposits have been explored comprising more than 280 Mt of Cu ore
(Ziircher et al. 2015, Wang et al. 2020).
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The Serbo-Macedonian metallogenic province (SMMP) and the Rhodope
metallogenic province (RMP) are part of the Western Tethyan metallogenic belt
(Bertrand et al. 2014, Richards 2015, Melfos and Voudouris 2017, Figure 1.7).
Furthermore, they constitute a continuous terrain comprising important deposits and
prospects (e.g. the Trepga, Mavres Petres and Olympias skarn/carbonate replacement
deposits, the Perama Hill and Sapes high-intermediate sulfidation epithermal deposits,
the Allchar, Ada Tepe, and Kallyntirion Carlin-type deposits, and the Buchim,
Skouries and Maronia porphyry deposits (Voudouris et al. 2011, Melfos and
Voudouris 2012, 2017, Kotodziejczyk et al. 2015, McFall et al. 2018, Strmi¢ Palinkas
et al. 2018, Baker 2019, Melfos et al. 2020, Serafimovski et al. 2021).
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Figure 1.7. The Western Tethyan metallogenic belt and associated major Cretaceous and
Cenozoic deposits in respect to gold endowment. The dashed black line highlights the
location of the SMMP and RMP (CRD = carbonate replacement deposit, HS = high
sulfidation, IS = intermediate sulfidation, LS = low sulfidation, VMS = volcanogenic

massive sulfide, adapted and modified from Baker 2019).

In northeastern Greece, throughout the regions of Central-Eastern Macedonia and
Thrace, the SMMP and the RMP, host major deposits and prospects including: 16
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porphyry, 10 epithermal, 8 skarn/carbonate replacement, 9 intrusion-related
polymetallic veins, and 2 reduced intrusion-related gold types which are grouped in
15 ore districts (Melfos and VVoudouris 2017, Voudouris et al. 2019a).

1.4.  Project rationale — Critical and rare metals under investigation

Major deposits of critical and rare metals are generally related to
alkaline/peralkaline-carbonatite igneous rocks (e.g., carbonatites and granitic
pegmatites), to sedimentary phosphorite and uranium ores, and to placer-type REE
deposits (Dostal 2016, Sengupta and Van Gosen 2016, Verplanck and Hitzman 2016,
Verplanck et al. 2016). However, deposits formed by magmatic-hydrothermal
processes including porphyry Cu-Mo-Au and epithermal gold deposits related to
alkaline igneous rocks, as well as Carlin-type and orogenic gold deposits, are also
potential sources of rare metals, mainly as by-products (Goldfarb et al. 2016, Hofstra
and Kreiner 2020, John and Taylor 2016, Kelley and Spry 2016, Velasquez et al.
2020).

Diversifying sources of critical and rare metals is of key significance. The
exploitation of critical and rare metals mainly as by-products from porphyry systems
could serve in source diversification (Goldfarb et al. 2016, John and Taylor 2016,
Velasquez et al. 2020). Although, the enrichment processes of these metals and their
distribution needs further understanding. Bulk geochemistry and mineral chemistry in
respect to hydrothermal alterations and ore mineralization could assist in this
direction. This knowledge could help in future exploration of critical and rare metals,
as well as to unlock new exploitation potentials for producers.

The considerable potential in critical and rare metals of the deposits located in
northern Greece has been previously emphasized (Arvanitidis 2010, Melfos and
Voudouris 2012, Eliopoulos et al. 2014, Charalampides et al. 2013, Voudouris et al.
2013a, Cassard et al. 2015, Bertrand et al. 2016, Melfos and Voudouris 2017,
Tsirambides and Filippidis 2019, Voudouris et al. 2019a). The present doctoral thesis
aims to examine the critical and rare metals distribution in selected Cenozoic deposits
located in the SMMP and RMP in NE Greece. The study is focused on the Vathi
porphyry Cu-AutMo deposit, the Gerakario epithermal quartz-stibnite veins, the
Laodikino metamorphic- and quartz-hosted polymetallic mineralization, the Kolchiko
metamorphic- and quartz-hosted polymetallic veins, and the Aspra Chomata porphyry

Cu-Au with the epithermal vein mineralization. The choice of these deposits was

41



based on previous publications highlighting their potential on critical and rare metals
(e.g. Mposkos 1983, Thymiatis 1995, Melfos and VVoudouris 2012, 2017, Toumanidou
2019, Tsirambides and Filippidis 2019, Voudouris et al. 2019a, Stergiou et al. 2018,
2021a-c).

Two exploration drilling projects have been held during the 1970s and 1980s at
the Vathi deposit targeting the uranium and the porphyry-style mineralization
(Stergiou et al. 2021a,b, advise Figure 2.1, 2.2). In addition, the tectonic setting,
magmatism, hydrothermal alteration, ore mineralogy, and fluid inclusions of the Vathi
deposit were previously studied by Filippidis et al. (1988), Frei (1992), and Stergiou
et al. (2021a,b). Soil geochemical investigation was carried out by Kelepertsis et al.
(1986). Rough estimations indicate 15 Mt of ore, grading 0.3 wt.% of Cu and 0.8 g/t
of Au (Stergiou et al. 2016).

The Gerakario area has been explored for the porphyry Cu and Au, and the
epithermal Sb mineralizations between the 1970s and the 1990s, and a review of the
exploration workings is given by Toumanidou (2019) (advise Figure 2.1, 2.2).
Kelepertsis et al. (1986) conducted a soil geochemical investigation in the area.
Preliminary estimations report 9.6 Mt of ore with 0.35 wt.% Cu and up to 1.4 g/t Au
(Toumanidou 2019). For the Laodikino area, Thymiatis (1995) mentions that the
Institute of Geology and Mineral Exploration (IGME) carried out exploration
workings, between 1978 and 1983, which included 8 drillings with a total length of
1,115 m (advise Figure 2.1, 2.2). In addition, Kelepertsis et al. (1987) conducted a
stream and soil geochemical investigation.

At Kolchiko area, no exploration workings have ever been held (advise Figure 2.1,
2.2). Patsiouri (2017) examined the mineralogy and geochemistry of the polymetallic
veins. The deposit is similar in terms of structural control and geochemistry with the
adjacent Drakontio metamorphic- and quartz-hosted polymetallic vein mineralization
(Vavelidis et al. 1999). The porphyry style deposit at Aspra Chomata is part of the
Stratoni granodiorite stock, which has been systematically explored in previous years
in the framework of the metallogenic study of the area (Siron et al. 2016, advise
Figure 2.1, 2.2). A description of the mineralogy and geochemistry of the porphyritic
stage and the adjacent base metal vein mineralization was first given by Gounaris
(2017).

Geochemical investigations of bulk surface and core samples have revealed the
enrichment of these deposits and prospects in critical and rare metals (Stergiou et al.
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2018, 2021a-c). Furthermore, significant research was previously carried out
regarding the ore mineral chemistry including scanning electron microscopy with
energy dispersive spectroscopy (SEM-EDS) and electron probe micro analysis
(EMPA) (e.g. Thymiatis 1995, Vavelidis et al., 1999, Melfos et al. 2001, VVoudouris et
al. 2007, Patsiouri 2017). However, the ore mineral chemistry by means of laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) remains
unexplored.

The investigation held during the previous years has substantially contributed in
the discovery and exploration of several deposits in terms of ore geology, mineralogy,
and bulk geochemistry. Furthermore, they have presented strong indications on
critical and rare metals endowment. Nevertheless, the mineral chemistry and
particular associations between specific minerals and trace metals need further
investigation. For example, the distribution, abundance, and correlation of critical and
rare metals among the different hydrothermal alteration styles and mineralization
stages, especially for the porphyry deposits, is of major interest and have not been
evaluated previously.

In the present study, emphasis is given to the distribution of the critical rare metals
including Ag, Au, Bi, Ce, Co, Ga, Gd, Ge, In, La, Nb, Nd, Se, Sm, Ta, Te, Th, U and
W in pyrite, chalcopyrite, magnetite and titanite from Vathi, in stibnite from
Gerakario, in pyrite, chalcopyrite, sphalerite, tetrahedrite and magnetite from
Laodikino, in pyrite, chalcopyrite, sphalerite and arsenopyrite from Kolchiko, and in
pyrite and sphalerite from Aspra Chomata.

The deliverables of this project expand the scientific knowledge on the critical and
rare metals endowment and their genetic associations in northern Greece. Moreover,
they could promote and support the planning of new exploration and exploitation

projects in the region by revealing the additional values of these deposits.
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CHAPTER 2. GEOLOGICAL SETTING AND CENOZOIC
MINERALIZATION

The area under investigation belongs to the Rhodope and the Serbo-Macedonian
Massifs. The Rhodope Massif constitutes a deep-crustal nappe stack formed in close
relation to Carpatho-Balkanides fold and thrust belt (Schmid et al. 2020). Between
Eocene and Miocene, it was exhumed below the Carpatho-Balkanides orogen, the
Serbo-Macedonian Massif (SMM) and the Circum-Rhodope Belt, and is now exposed
as a giant core complex in southern Bulgaria and Greece (Schmid et al. 2020). This
core complex is subdivided in the Northern Rhodope Core Complex, the Northern
Rhodope Domain, and the Southern Rhodope Core Complex (Kydonakis et al. 2016).
Five geotectonic units have been described including the lowermost Pangaion-Pirin
Unit, the lower Arda-Byala Reka Unit, the middle Nestos suture zone Unit, the upper
Kerdylion-Madan Unit, and the uppermost Asenitsa-Thrace Unit (Schmid et al. 2020).

The Kerdylion Unit belongs to the Southern Rhodope Core Complex and consists
of Permian-Carboniferous mylonitic orthogneisses, micaschists and amphibolites,
covered by marbles (Kydonakis et al. 2016, Figure 2.1). In the gneisses, a post-early
Eocene metamorphic event of upper greenschist/lower amphibolite-facies is
mentioned by Kydonakis et al. (2016). To the west, the Kerdylion Unit borders to the
Vertiskos Unit along the Kerdylion detachment fault and the Stratoni fault (Figure
2.1).

The Vertiskos Unit constitutes the southern extension of the SMM in Greece. It is
a NW-trending polytectonic and polymetamorphosed geotectonic and basement zone,
stretching from the northern Greek borders to the Chalkidiki peninsula. It lies west of
the Kerdylion Unit along the Kerdylion detachment fault, and east of the Circum-
Rhodope Belt along a NW-SE trending dextral transpressional and transtensional
fault zone (Kilias et al. 1999, Tranos et al. 1999, Brun et al. 2018, Schmid et al. 2020,
Mposkos et al. 2021, Figure 2.1). The Chortiatis Magmatic Suite and the Eastern
Vardar Ophiolites are also found west of the SMM (Kydonakis et al. 2016). Vertiskos
Unit consists of gneiss, schist and amphibolite intercalated with marble.
Neoproterozoic to middle Ordovician granitoids, and Paleozoic to Triassic
metagabbros-metadiabases and granites are also found (Kilias et al. 1999, Christofides
et al. 2007, Abbo et al. 2019, Mposkos et al. 2021).
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Figure 2.1. Geological map of the Vertiskos Unit in northern Greece. The adjacent Kerdylion

Unit, the Circum-Rhodope Belt, the Chortiatis Magmatic Suite, and the Eastern
Vardar Ophiolites are also shown (modified after Kydonakis et al. 2016, Stergiou
et al. 2018, 2021a,b).

According to Mposkos et al. (2021) the following metamorphic events describe
the metamorphic history of the Vertiskos Unit (VOC=Vertiskos-Ograzden Complex
(undifferentiated), SMM): (1) a Variscan ultrahigh pressure eclogite facies
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metamorphism, (2) a Triassic low pressure and high temperature event, (3) a Jurassic-
early Cretaceous prograde moderate to high-pressure epidote-amphibole to upper
amphibolite facies metamorphism, and (4) a restricted late Cretaceous low pressure
amphibolite facies event. It should also be mentioned that previous researchers
studying the western part of the Vertiskos Unit in northern Greece highlight two pre-
Mesozoic metamorphic events (HP-LT eclogite facies and HP-HT granulite facies and
migmatite formation) and three Mesozoic to Cenozoic metamorphic events, including
Jurassic to Cretaceous amphibolitic facies (~540-690°C, 0.5-0.8 GPa) followed by
late Cretaceous to Eocene upper greenschist facies (MP-to-HP) and retrograde low
greenschist facies events (Kourou 1991, Sidiropoulos 1991).

The Cenozoic igneous evolution of the Vertiskos and Kerdylion Units includes
late Paleocene to Pliocene magmatic rocks subdivided in four magmatic pulses
(Figure 2.1). These magmatic rocks include I-type plutonic, sub-volcanic, and
volcanic rocks, associated with calc-alkaline to high-K calc-alkaline and shoshonitic
affinities (Kockel et al. 1975, Frei 1992, Siron et al. 2018, Abbo et al. 2019, Figure
2.1). In the Southern Rhodope Core Complex, and in Kerdylion Unit, plutonic rocks
exhibiting syn-tectonic fabrics occur, whereas in the Vertiskos Unit most magmatic
rocks are late-stage intrusions (Eleftheriadis et al. 2001, Hahn et al. 2012, Siron et al.
2018). The mineralized intrusions are associated with the second and the third
magmatic pulses (Oligocene-Miocene) and are located mainly in the Kilkis and the
Chalkidiki ore districts (Melfos and Voudouris 2017, Siron et al. 2016, 2018, 2019,
Stergiou et al. 2021a, Figure 2.2).

The Vertiskos Unit is located in the hanging wall of the Eocene-Oligocene
Kerdylion first-order detachment fault, while another first-order structure of the
region is the Miocene Strymon detachment fault exposed mainly in SW Bulgaria
(Brun and Sokoutis 2018, Schmid et al. 2020, Figure 2.1). These two detachment
faults are associated with an extensional regime, lasting from the late Cretaceous to
the Miocene that resulted in the collapse of the Vertiskos Unit towards the SSW
(Kydonakis et al. 2016, Brun and Sokoutis 2018). In the Vertiskos Unit, the extension
is documented by ENE-WSW- and eastward-trending shear zones and related E-W-,
NW-SE-, and NE-SW-trending normal to oblique faults and N-S-trending strike-slip
faults (Kilias et al. 1999). The Cenozoic magmatic events and the formation of the
Oligocene-Miocene mineralized intrusions were structurally controlled by these faults
(Hahn et al. 2012, Siron et al. 2018, Stergiou et al. 2021a).
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Figure 2.2. The geological setting of the Cenozoic magmatic rocks and related porphyry-type
mineralization of the Vertiskos and Kerdylion Units (modified after Kydonakis et al.
2016, Melfos and VVoudouris 2017, Siron et al. 2019, Stergiou et al. 2021a,b).

In the Vertiskos Unit, several deposits and prospects are located mainly along the
Chalkidiki and the Kilkis ore districts (Voudouris et al. 2019a, Stergiou et al.
2021a,b). At the northern part of the Kilkis ore district, porphyry (Doirani, Koryfi,
Gerakario, Vathi, Pontokerasia), skarn/carbonate replacement (East Myriofyto),
intrusion related (West Myriofyto), epithermal (Rodonas), and residual oxides
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(Monolithi, Petrades) deposits occur (Figure 2.2). The most important mineralization
includes the Gerakario Cu-Au porphyry deposit hosted in a calc-alkaline syenite and a
granodiorite intrusion, the Pontokerasia Cu-Mo-Au porphyry deposit associated with
a calc-alkaline syenite intrusion, and the Vathi Cu-AutMo porphyry deposit
associated with a high-K calc-alkaline monzonite (Stergiou et al. 2018, 2021a,b).
Exploration projects held during the 1970s and the 1980s at Pontokerasia, Vathi and
Gerakario indicated estimates of more than 258 Mt of ore with 0.40 wt.% Cu and 0.9
g/t Au (Tsirambides and Filippidis 2016).

Towards the south, mainly intrusion-related ore mineralization occurs, including
shear-zone hosted and metamorphic- and quartz-hosted polymetallic veins
(Koronouda, Stefania-Paliomylos, Laodikino, Kolchiko, Drakontio, Philadelphio,
Langadhi) (Mposkos 1983, Thymiatis 1995, Vavelidis et al., 1999, Melfos et al. 2001,
Stergiou et al. 2021a-c, Figure 2.2). A restricted occurrence of epithermal deposits is
also documented at Rizana and Askos, while residual oxides (Fe, Mn) are found in
Stephanina and Arethousa (Skoupras 2019, Stergiou et al. 2021a,b, Figure 2.2).
Further to the south, in the Stanos-Nea Madytos ore district a shear-zone hosted Cu-
Au-Bi-Te mineralization is located (Voudouris et al. 2013c, Bristol et al. 2015, Figure
2.2). Although magmatic intrusions are scarce in the region, there is evidence that
these mineralizations are connected with magmatism (Voudouris et al. 2031c, Bristol
et al. 2015).

The Chalkidiki ore district, also known as the Kassandra mining district, hosts
several deposits and prospects that are actively explored and exploited since antiquity
(Melfos and Voudouris 2017, Siron et al. 2018, 2019). The ore district spreads in both
the Vertiskos and Kerdylion Units (Figure 2.2). In the northern part, mainly carbonate
replacement deposits (Olympias, Depozita, Kalotycho, Madem Lakkos, Maves Petres,
Piavitsa) are found, whereas in the southern part porphyry deposits occur (Skouries,
Asprolakkos, Vathilakkos, Tsikara, Dilofon, Fisoka, Alatina) (Melfos and Voudouris
2017, Voudouris et al. 2019a). Other deposits include the residual oxides (Mn, Fe) at
Varvara and Fterouda and the intrusion related mineralization at Stavros, Paliochora,
Pravita and Metagitsi (Figure 2.2).

The deposits found in the Kassandra mining district are mostly found in a narrow
zone, set in an extensional regime and controlled by the southeastward extensions of
the Kerdylion detachment fault and of the Stratoni and Megali Panaghia-Gomati
normal to oblique faults (Hahn et al. 2012, Siron et al. 2018, 2019, Figure 2.2). The
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total measured and indicated resources comprise: 239.974 Mt of ore with 0.47 wt.%
Cu and 0.65 g/t Au at Skouries Cu-Au porphyry deposit, 13.463 Mt of ore grading 4.8
wt.% Pb, 6.3 wt.% Zn, 8.07 g/t Au, and 145 g/t Ag at Olympias polymetallic
carbonate replacement deposit, and 1 million Mt of ore with 6.2 wt.% Pb, 8.3 wt.%
Zn, and 161 g/t Ag at Mavres Petres (Eldorado Gold Corporation 2021).

Most of the deposits and prospects located in the Kilkis ore district are poorly
explored missing information on measured and indicated reserves and resources for
base, critical and rare metals. Furthermore, a lack in knowledge of morphological and
mineralogical characteristics is documented for some intrusion related deposits. Table
2.1 summarizes the deposits in the Vertiskos and Kerdylion Units that are enriched in

critical and rare metals.

Table 2.1. Deposits enriched in critical and rare metals (modified after Melfos and
Voudouris 2017, Stergiou et al. 2018).

Main

Mineralization

Critical and

Deposit Ore district - References
commodities type rare metals
W, Ga, Te,
. A Bi, La, Ce, Stergiou et al.
Vathi Kilkis Cu, Au, Mo, U Porphyry Nd. Gd. Au, (2021a,b)
Ag
. S Toumanidou et al.
Gerakario Kilkis Cu, Au Porphyry Sh (2019)
Pd Pt Ru Eliopoulos et al.
Skouries Chalkidiki Cu, Au, Mo Porphyry L (2014), McFall et al.
Re, Te, Bi
(2018)
Stanos-Nea Shear zone Au, Ag, i
Stanos Madytos Cu hosted Bi Te Bristol et al. (2015)
Metamorphic-
Laodikino Kilkis CuFe As Zn g quarz- AU TECO e miatis (1995)
Pb, Ni Sb, Bi
hosted
Rizana Kilkis Sh, W Epithermal Sh, W Skoupras (2019)
Metamorphic- . .
Stephania Kilkis Cu, Ni, As and quartz Ag, Au, Bi, Melfos and Voudouris
Te, Co (2012)
hosted
Metamorphic-
L Cu, Zn, Pb, Fe, Au, Ag, Co, .
Koronouda Kilkis As. Ni anrc]iocg‘tjeadrtz Sb, Te, Bi Bristol et al. (2015)

Platinum and Pd in the Skouries porphyry deposit are associated mainly with
chalcopyrite, while Re is related to molybdenite (Eliopoulos et al. 2014, McFall et al.
2018). In the Vathi porphyry deposit significant enrichments in critical and rare
metals (e.g. Au, Bi, Ce, La, Te) are attributed to hydrothermal alteration, ore
mineralization, supergene enrichment and to phreatic breccia (Stergiou et al. 2021a,b).
At the Rizana epithermal and shear-zone hosted deposit, stibnite and wolframite are

the main Sb and W bearing minerals (Skoupras et al. 2019). Stibnite is also
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accommodated in epithermal quartz veins found in the periphery of the Gerakario
porphyry deposit. Moreover, tellurides and a variety of Te- and Bi-sulfosalts are
described in several intrusion-related deposits. Te and Bi are enriched in minerals
such as tetradymite, bismuthinite, tellurobismuthite, aikinite, hessite, petzite, altaite
and sylvanite (Thymiatis 1995, Voudouris et al. 2007, Patsiouri 2017).
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CHAPTER 3. METHODOLOGY

3.1. Fieldwork and sampling

In this thesis, five deposits in the Region of Central Macedonia - Greece were
studied in respect to critical and rare metal endowment. They are located in the areas
of Vathi, Gerakario, Laodikino, Kolchiko, and Aspra Chomata. Surface mapping and
sampling was held during the summer seasons of 2018 and 2019. During the field
work, information on local geology, structural and vein relations were collected.
Sampling was focused on the mineralization and the fresh and hydrothermally altered
metamorphic and igneous rocks.

The Vathi porphyry Cu-AutMo deposit and the Gerakario stibnite vein
mineralization are located approximately 16 km NE of Kilkis city, at the Public
Mining Area of Vathi-Gerakario (Figure 2.2). The Vathi porphyry deposit
(N41.1458°, E22.9639°) is located near the Vathi village, along Ragian Hills 1 and 2.
Ten surface samples were collected, with a focus on hydrothermal alteration styles
and mineralization stages. In addition, a set of 73 older surface samples and 16
polished sections from the legacy drill core samples were evaluated for further
mineralogical and geochemical study. Eight polished sections studied here were from
drill core H4 (43 to 166 m interval), and seven were from drill core H5 (53 and 73 m
interval, please advise Figure 4.1). Description and characterization of the mineralogy
and the alteration styles of the available drill cores can be found in Stergiou et al.
(2021a).

The Gerakario stibnite vein mineralization (N41.114297°, E22.935334°) occurs at
the SE part of the Gerakario Cu-Au porphyry deposit (Divouni Hills, N41.117023°,
E22.929289°). Three samples were collected from a quartz-stibnite vein in an old
underground mine.

The Laodikino metamorphic and quartz hosted polymetallic vein mineralization is
located approximately 12 km SE of the Kilkis city (Figure 2.2). Polymetallic Cu-Au-
Bi-Pb-Ag-TetAu-bearing quartz and massive veins are hosted in a hilly area of
approximately 6.6 km?, located among the villages Laodikino, Chrysopetra, Fanari,
Lipsidri and Akropotamia (N40.911088°, E22.972161°: coordinates centered to this
area). Fieldwork was focused on local geology, as well as on vein and structural
relations. Twenty-one samples were gathered originating from the mineralized quartz

veins and the hydrothermally altered surrounding rocks.
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The Kolchiko metamorphic- and quartz-hosted polymetallic vein mineralization is
found approximately 22 km NE of Thessaloniki city (Figure 2.2). Polymetallic quartz
(N40.769474°, E23.143515°) and massive (N40.772274°, E23.150227°) veins,
enriched in As, Cu, Bi, Pb, Co, Ni, Ag and Au are found in a distance of
approximately 5 km along the stream draining the area NE of the Kolchiko village.
Fifteen samples were collected, and 8 more samples were adapted from the study of
Patsiouri (2017). The Aspra Chomata porphyry deposit and epithermal vein
mineralization is located approximately 75 km E of Thessaloniki city and 2 km N of
Stratoni village in the Chalkidiki ore district (Figure 2.2). Twelve samples were

collected, and 6 more samples were adapted from Gounaris (2017).

3.2. Microscopy

Optical microscopy study was held at the Department of Mineralogy-Petrology-
Economic Geology, Aristotle University of Thessaloniki. In total, 73 polished and 30
thin-polished sections were prepared and studied under a Leitz LaborLux 11 Pol dual
reflected-transmitted light polarizing microscope coupled with a Levenhuk M base

series digital camera.

3.3. Scanning electron microscope (SEM)

A total of 50 selected polished sections were studied with a JEOL JSM-6390LV
(Tokyo, Japan) scanning electron microscope (SEM) equipped with an OXFORD
INCA 300 energy-dispersive system (EDS) (Oxford Instruments Ltd., Abingdon, UK)
at the Faculty of Sciences, Aristotle University of Thessaloniki. The operating
conditions were a 20 kV accelerating voltage and 0.4 mA probe current, 80s analysis
time, and a beam diameter of ~1 pum, in the back-scattering electron (BSE) mode.
SEM-EDS micro-analysis was targeted on the mineral chemistry of pyrite,
chalcopyrite, titanite and magnetite from Vathi, of stibnite from Gerakario, of pyrite,
chalcopyrite, sphalerite, tetrahedrite and magnetite from Laodikino, of pyrite,
chalcopyrite, arsenopyrite and sphalerite from Kolchiko, and of pyrite and sphalerite
from Aspra Chomata. The study focused on the detection of minerals found as micro-
scale inclusions in the aforementioned minerals. Additionally, the determined iron,
copper, zinc and titanium contents were used as internal standards in LA-ICP-MS

analyses for pyrite, chalcopyrite, sphalerite, tetrahedrite, arsenopyrite, magnetite and
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titanite. The tables with the average values of the conducted SEM-EDS analyses are

given in Supplement 1.

3.4. LA-ICP-MS

A total of 22 polished sections were selected for the LA-ICP-MS analyses. Ten
sections were from Vathi, two from Gerakario, three from Laodikino, five from
Kolchiko, and two from Aspra Chomata. Trace element concentrations in pyrite,
chalcopyrite, sphalerite, tetrahedrite, arsenopyrite, stibnite, magnetite and titanite were
measured using a PerkinEImer ELAN DRC-e ICP mass spectrometer combined with a
New Wave UP193-FX excimer laser ablation system at the Geological Institute,
Bulgarian Academy of Sciences, Sofia, Bulgaria. The ablation was conducted in He
medium. In order to maximize sensitivity, the ICP-MS was optimized daily with
respect to the oxide production rate of ThO/Th (0.5%). Operating conditions of the
laser system include: 5 Hz repletion rate, 20 to 50 um spot size, and energy density on
analyzed minerals and standards of 5.0 to 5.2 J/cm? (at 35 and 50 um spot) and 4.5 to
5.0 J/cm? (at 25 and 20 um spot). The nebulizer gas flow rate was 0.8 L/min, while
auxiliary and make-up gas flows rates were 0.92 L/min. The analysis time was 100 s
(background: 40 s, laser-on the sample: 60 s). The acquisition dwell time was set to
0.02 s for "“Ge, ®2Se, °In, **Te, and **?Hg, to 0.03 s for **’Ag, to 0.04 s for **’Au,
and to 0.01 s for all other elements. The monitored isotopes include: ?’Al, *'p, s,
49Ti, 51V, 53Cf, 55Mn, 57Fe, 59C0, GONi, 65CU, 66Zn’ 7lGa, 7369, 74Ge, 75AS, 7789, 93Nb,
%MO, 107Ag, lllCd, llSIn’ 118Sn, 121Sb, 125-|-e’ 139La, 140C€, 146Nd, 147Sm, 157Gd, 182W,
8Re, ¥Au, ®Hg, *°TI, ®®pb, 2®Bi, **Th and *"U. The targeted areas in the
polished sections were predefined to try to avoid mineral inclusions. Repeated
external standardization was conducted by analyzing NIST SRM 610 and USGS
GSD-1G glass standards, and the USGS Mass 1 sulfide standard.

Data reduction was performed by using the Fe contents of pyrite, chalcopyrite,
arsenopyrite and magnetite, Zn contents of sphalerite, Cu contents of chalcopyrite, Ti
contents of titanite, as well as Sb contents of stibnite measured by SEM-EDS as
internal standards and the SILLS software (Guillong et al. 2008). During data
reduction, peak-shaped fluctuations of the intensity signal of some isotopes were
investigated in order to exclude the influence of other minerals on the chemical
composition of the studied minerals. The full list of the LA-ICP-MS data, including

elements ascribed to nano-scale mineral inclusions, is given in Supplement 2.
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For the statistical analysis of the LA-ICP-MS analytical results, univariate analysis
(minimum, maximum, standard deviation, and average) and bivariate analysis
(Pearson’s correlations, Supplement 3) were obtained with the SPSS statistics
software (IBM). Statistical graphs and time-resolved analytical profiles of LA-ICP-
MS analyses were plotted using the Grapher software (Golden Software LLC).

3.5. Bulk chemical analysis

Bulk geochemical analyses for major elements were conducted by lithium borate
fusion and inductively coupled plasma emission spectrometry (ICP-ES), while trace
elements, including REE, were determined in an ultra-trace level by Aqua Regia
digestion and inductively coupled plasma atomic emission spectroscopy (ICP-AES).
Aqua Regia digestion and ICP-ES finish was implied for overlimit analyses (detection
limits: 1-1,500 ppm, ore grade) were conducted for As in Kolchiko samples, for Ag,
Cd and Sb in Aspra Chomata samples, and for Sb in Laodikino samples. Overlimit Ag
in Laodikino was determined by means of fire assay with gravimetric finish (detection
limits: 50 - 10,000 ppm). All geochemical analyses of this research were carried out at
MSALABS, Langley, Canada. The full dataset is given in Supplement 4. Previously
published geochemical analyses by Stergiou et al. (2021a) and Gounaris (2017) which
were considered in this study are also presented (Supplement 4). The statistical
analysis of the bulk geochemical analyses included univariate and bivariate analysis

(Supplement 3).
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CHAPTER 4. VATHI PORPHYRY Cu-AutMo DEPOSIT
4.1. Local geology

Basement rocks at Vathi include Paleozoic two-mica gneisses and schists,
intercalated with amphibolites, amphibolitic schists, and Mesozoic peridotites, which
are intruded by unmineralized pegmatites and milky quartz veins (Figure 4.1, Stergiou
et al. 2021a,b).

Cenozoic magmatic rocks at Vathi comprise subvolcanic stocks and dikes
exhibiting porphyritic texture and barren granites that intruded the crystalline rocks
(Stergiou et al. 2021a,b). These rocks occur in a graben bounded by faults with
WNW-ESE and E-W trends (Stergiou et al. 2021a,b). Outcrops of the porphyry
mineralization are located along Ragian 1 and 2 Hills (Figure 4.1). The mineralization
is hosted by latite and is genetically associated with a quartz monzonite (18 + 0.5 Ma
and 17 + 1 Ma, U-Pb zircon ages, Frei 1992), which intruded the crystalline basement
rocks and the latite (Stergiou et al. 2021a.b, Figure 4.1). Both magmatic rocks are
silica-saturated and exhibit calc-alkaline to slightly alkaline chemical affinities (Frei
1992, Stergiou et al. 2021a,b). A phreatic breccia crosscuts the latite and is genetically
related to the quartz monzonite intrusion, whereas a latite cataclasite located in the
northern part of Ragian Hill 1 is associated with a late epithermal event (Figure 4.1,
Stergiou et al. 2021a,b). Old exploration drilling projects at Vathi revealed the
development of an almost 100 m deep oxidation zone, and a narrow secondary
enrichment zone (Stergiou et al. 2021a,b). Slightly altered and barren granites are
found west and southwest of Ragian 1 and 2 Hills (Figure 2.1, Stergiou et al. 2021a).

Quartz monzonite outcrops are rare and are characterized by a weak potassic
alteration, whereas the latite was affected by a local propylitization. An intense
sericitic alteration overprinted these two alteration styles (Filippidis et al. 1988, Frei
1992, Stergiou et al. 2021a). Locally, a subsequent epithermal overprint is observed in
the latite. Mineralization forms disseminations, aggregates, and veins (M, A and D
types), while the metallic assemblage related to the epithermal overprint is
accommodated in E-type veins (Stergiou et al. 2021a,b).

The porphyry-style mineralization was developed in a shallow (<2.6 km in depth)
environment from hydrothermal fluids with moderate to high salinities at a minimum
temperature of 311 °C. The late epithermal overprint was associated with less saline

fluids (1.4-2.9 wt.% NaCl equiv.) and lower temperatures ranging from 205 to 259 °C
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(Stergiou et al. 2021a). Surface samples contain as much as 9297 ppm Cu, 341 ppm
Mo, 7 ppm Au, and 263 ppm U. In addition, an enrichment of La (up to 613 ppm), Ce
(up to 894 ppm) and Nd (up to 211 ppm) is attributed to the formation of phreatic
breccia (Stergiou et al. 2021a,b).
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Figure 4.1. Geological map of the Vathi porphyry system. The legacy drill holes are also
shown (modified after Stergiou et al. 2021a,b).

4.2. Mineralization stages and alteration styles

Early- to late-stage hydrothermal vein types at Vathi correspond to potassic-calcic
(M-type), potassic (A-type), and sericitic (D-type) alterations (Stergiou et al. 2021b),
whereas E-type veins are associated with the late epithermal overprinting (Figure

4.2a,b,d-g). Potassic alteration is overprinted by sericitic alteration (Table 4.1). The
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following ore mineral assemblages are present: (1) magnetite associated with
potassic-calcic alteration, (2) magnetite + pyrite + chalcopyrite + molybdenite +
bornite related to potassic alteration, (3) pyrite + chalcopyrite associated with
propylitic alteration, (4) pyrite + chalcopyrite + galena + sphalerite + native gold +
tetradymite related to sericitic alteration, and (5) sphalerite + galena + arsenopyrite +
pyrrhotite + pyrite + tetrahedrite + stibnite + tennantite associated with the epithermal

overprint.

Figure 4.2. Mineralization stages from the Vathi porphyry Cu-AuxMo system. a. Magnetite
(Mag) and titanite (Ttn) in M-type vein crosscutting a quartz monzonite surface
sample (potassic-calcic alteration). b. Pyrite (Py) in A-type vein crosscutting quartz
monzonite drill core sample (potassic overprinted by sericitic alteration).
Hydrothermal halo envelopes the vein (white arrows). c. Disseminations and
aggregates of pyrite (Py) in a latite surface sample (sericitic alteration). d. Quartz
(Qz) and pyrite (Py) in a D-type vein from a quartz monzonite surface sample
(sericitic alteration). e. Pyrite (Py) in D-type vein from a latite drill core sample
(sericitic alteration). f. Pyrite (Py), pyrrhotite (Po) and chalcopyrite (Cpy) in E-type
vein from a latite drill core sample (epithermal overprint). g. Sphalerite (Sph) and

galena (Gn) in E-type vein from a latite drill core sample (epithermal overprint).

Potassic-calcic alteration occurs in the quartz monzonite and is characterized by
disseminations and M-type veins. These veins are up to 1 cm wide, continuous, sharp
edged and branched (Figure 4.2a). They exhibit a massive texture and consist mainly

of magnetite and titanite (Figure 4.3a). This hydrothermal alteration is characterized
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by quartz, biotite, titanite, actinolite, rutile, and minor ilmenite and chlorite (Table
4.1).

Potassic alteration affected both the quartz monzonite and latite. A-type veins are
up to 2 cm wide, continuous and enveloped by a hydrothermal halo (Figure 4.2b).
They consist of pyrite, chalcopyrite (Figure 4.3b), native gold, and traces of bornite
and galena (Stergiou et al. 2021b). In the latite, disseminated magnetite, pyrite and
chalcopyrite, with minor bornite, molybdenite and pyrrhotite, are found. The
alteration assemblage includes quartz, biotite, K-feldspar, and minor chlorite, sericite
and rutile (Table 4.1).

Table 4.1. Typology, alteration and textural characteristics of the studied mineralization
stages from the Vathi porphyry deposit (after Stergiou et al. 2021a,b).

Alteration style  Host rock Mineralization stage Metallic assemblage Alteration assemblage
e Quartz M-type veins Qz +Bt+ Ttn
Potassic-calcic monzonite Disseminated Mag = [lm + Act + Rt + Chl
. Quartz ; .
(OV;(;tr?zstg(:j by monzonite A-type veins Py + Cpy + Au£Bn+ Gn Qz + Bt + Kfs
- . - : Mag + Py + Cpy + Chl + Ser + Rt
sericitic) Latite Disseminated + Bn + Mol £ Po
Quartz ) .
monzonite D-type veins Py + Cpy + Gn + Au + Ttd
Sericitic D-type veins Py = Cpy Ser+Qz + Rt
Latite Py + Cpy + Gn + Sph + Au + Dol £ Kln
Disseminated + Bn + Mol + Po + Pn + Tnt
+ Ttr £ Wt = Flt + Cup + Sch
Quartz p
Propylitic monzonite Disseminated y Chl + Qz+ Cal = Ep
Latite Py = Cpy
Assemblage 1:
Sph + Gn + Apy + Py + Cpy
Epithermal Latite E-type veins + Ttr + Tnt £ Stb Qz + Prl
Assemblage 2:
Py + Po + Cpy = Gn

Abbreviations: Act = actinolite, Apy = arsenopyrite, Au = native gold, Bn = bornite, Bt = biotite, Cal = calcite,
Chl = chlorite, Cpy = chalcopyrite, Cup = cuprobismutite, Dol = dolomite, Ep = epidote, FIt = fletcherite,

Gn = galena, Ilm = ilmenite, Kfs = K-feldspar, KIn = kaolinite, Mag = magnetite, Mol = molybdenite,

Pn = pentlandite, Po = pyrrhotite, Prl = pyrophyllite, Py = pyrite, Qz = quartz, Rt = rutile, Ser = sericite,

Sch = scheelite, Sph = sphalerite, Stb = stibnite, Ttn = titanite, Tnt = tennantite, Ttd = tetradymite,

Ttr = tetrahedrite, W = wittichenite.

Sericitic alteration is associated with disseminations and D-type veins (Figure
4.2¢). In the quartz monzonite, D-type veins are up to 1 cm wide continuous, sharp-
edged and branched in shape (Figure 4.2d,e). They consist of pyrite, chalcopyrite and
galena (Figure 4.3c). In minor amounts, native gold and tetradymite are found (Figure
4.3d). These minerals also occur as disseminations around the D-type veins. In the
latite, the disseminated mineralization consists of pyrite, chalcopyrite, galena,

sphalerite and native gold, and of traces of bornite, molybdenite, pyrrhotite,
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pentlandite, tennantite, tetrahedrite, wittichenite, fletcherite, cuprobismutite and
scheelite, while the D-type veins (< 5 cm in width) host pyrite and minor chalcopyrite
(Table 4.1, Figure 4.3f,g). Sericitic alteration assemblage includes sericite, quartz,
rutile, and minor dolomite and kaolinite (Table 4.1).

N 200pum

Figure 4.3. Photomicrographs (plane reflected light) of the hypogene mineralization in quartz
monzonite (a-e) and latite (f-i). a. Magnetite (Mag) and titanite (Ttn) in M-type vein
from potassic-calcic alteration. b. Pyrite (Py), chalcopyrite (Cpy), quartz (Qz) and
biotite (Bt) in A-type vein from potassic alteration with sericitic overprint. c. Pyrite
(Py) in a D-type vein and galena (Gn) filling interstices, disseminated mineralization
with pyrite (Py) and galena (Gn) in sericitic alteration. d. Pyrite (Py), chalcopyrite
(Cpy) and native gold (Au) in D-type vein in sericitic alteration. e. Disseminated
mineralization with pyrite (Py) and chalcopyrite (Cpy) in the rock mass around a D-
type vein (sericitic alteration). f. Pyrite (Py) aggregates with inclusions of
chalcopyrite (Cpy) and rutile (Rt) in sericitic alteration. g. Pyrite (Py) and secondary
chalcocite (Cct) in a D-type vein in sericitic alteration. h. Pyrrhotite (Po) and pyrite
(Py) intergrowth in E-type vein (epithermal overprint). i. Sphalerite (Sph), galena
(Gn) and euhedral pyrite (Py) in E-type vein rimmed by quartz (Qz) (epithermal

overprint).
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The epithermal overprint is characterized by E-type veins, which are continuous
(<2 cm in width) and branched (Figure 4.2f,g). The E-type veins host two distinct
metallic assemblages consisting of: (1) sphalerite, galena, arsenopyrite, pyrite,
chalcopyrite and tetrahedrite, with minor stibnite and tennantite, and (2) pyrite,
pyrrhotite, chalcopyrite and traces of galena (Table 4.1, Figure 4.3h,i). Quartz and
pyrophyllite are the characteristic hydrothermal minerals associated with metallic
mineralization (Table 4.1, Stergiou et al. 2021b).

4.3. Analytical results

4.3.1. Bulk geochemical analysis

Bulk geochemical analysis of mineralized samples was conducted in order to
investigate their endowment in rare and critical metals. Eight surface samples were
analyzed, five of which were from latite and three were from quartz monzonite.
Among the latite samples, one was from propylitic alteration (Vath 42), and four were
from sericitic alteration (Vath 34, Vath 38, Vath 40, Vath 45), whereas among the
three samples from quartz monzonite; Vath 41 is relatively fresh, Vath 43 is from a D-
type vein (sericitic alteration), and Vath 44 is from an M-type vein (potassic-calcic
alteration). Table 4.2 includes the rare metal concentrations of these samples, and the
average values for the same elements from previously published bulk geochemical
analyses (Stergiou et al. 2021a).

Potassic-calcic alteration (Vath 44, quartz monzonite) is characterized by a
depletion of rare metals (Figure 4.4). W (75 ppm) is the most enriched rare metal,
while Ce (62 ppm), Th (42 ppm), Nd (27 ppm) and La (27 ppm) occur in decreasing
concentrations (Table 4.2). Sericitic alteration is enriched with Au, Bi, Te, Co, Se and
W (Figure 4.4). The quartz monzonite sample Vath 43 is enriched with Au (0.77 ppm)
and Te (1.5 ppm). The latite samples (Vath 34 and Vath 45) exhibit the highest
concentrations of Bi (14 ppm), Co (450 ppm), Se (8 ppm) and W (197 ppm) (Table
4.2).

Rare earth elements are highest in samples Vath 41 and Vath 42 (Figure 4.4). The
relatively fresh quartz monzonite sample (Vath 41) contains significant amounts of Ce
(153 ppm), Gd (7.8 ppm), La (83 ppm), Nd (85 ppm) and Sm (10 ppm). In addition,
Ta (1.8 ppm) and Th (68 ppm) are more enriched in sample Vath 41 (Table 4.2). It is
noteworthy that the highest values of Ag (4.6 ppm), Au (7 ppm) and Bi (239 ppm) are
related to the D-type veins and the oxidized latite samples from sericitic alteration
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(Figure 4.4, Supplement 4. Table S1-1, Stergiou et al. 2021). The highest
concentrations of Ce (894 ppm), La (613 ppm), Nd (211 ppm) and Sm (23 ppm) are
also related to sericitic alteration and are mainly concentrated in the phreatic breccia
(Figure 4.4, Supplement 4: Table S1-1, Stergiou et al. 2021a).

Table 4.2. Bulk geochemical analyses of selected critical and rare metals from the Vathi
porphyry system. The average values of these elements from previously analyzed samples by
Stergiou et al. (2021a) are also given. For the full list of geochemical analyses, please
advise Supplement 4, Table S1-1.

Host Latite Quartz monzonite
rock
. i . Rel. Pot.- .
Alt. Propylitic alt. Sericitic alteration Fresh c:lltc. Sericitic alter.
Det. Vath AVG Vath Vath Vath Vath AVG Vath Vat.h Vath AVG
PP jimit 42 m=3) | 34 38 40 45 (n = 16) 41 44 43 | (h=3)
Ag 0.01 0.45 0.58 0.32 0.48 0.10 0.04 11 0.12 0.05 0.89 0.42
Au 5x10° 0.04 0.02 0.07 0.22 0.01 0.004 0.13 0.04 0.01 0.77 0.27
Bi 0.01 4.6 6.5 141 0.84 14 11 21 0.49 0.34 34 2.9
Cd 0.01 0.27 0.12 0.1 3.9 0.09 0.02 1.7 0.09 0.05 0.09 0.12
Ce 0.02 123 102 121 92 94 31 97 153 62 68 92
Co 0.1 38 13 17 18 48 450 35 23 13 30 45
Ga 0.05 9.4 16 2.2 1.7 1.9 51 15 6 1.7 8.5 15
Gd 0.05 6.6 5 45 4 4 23 51 7.8 41 3.9 4.7
Ge 0.05 0.24 0.24 0.13 0.11 0.11 0.09 0.11 0.18 0.20 0.19 0.19
Hg 0.005 0.21 0.2 0.42 0.32 0.22 0.1 0.19 0.19 0.11 0.19 0.17
In 0.005 0.01 0.11 0.08 0.08 0.05 b.d.l 0.28 0.01 0.02 0.12 0.27
La 0.2 68 54 64 42 52 18 47 83 27 35 45
Nb 0.05 0.65 8.3 0.22 0.11 0.10 b.d.l 8.6 1.2 0.6 12 53
Nd 0.1 46 38 47 35 33 12 40 85 27 28 39
Re 0.001 0.003 0.003 0.002  0.002 0.009 0.003 0.004 0.003 0.002 0.01 0.01
Sb 0.05 18 2.8 35 13 0.99 0.56 31 25 0.62 12 13
Se 0.2 1.2 1 b.d.l. 3.8 b.d.l. 7.9 3.8 1.2 b.d.l. 2.8 1.8
Sm 0.03 8.1 6.5 7.7 5.7 54 24 6.9 10 5 4.9 6.8
Ta 0.01 14 11 b.d.l. b.d.l. b.d.l. b.d.l 0.84 1.8 b.d.l b.d.l 0.55
Te 0.01 0.49 0.3 0.01 b.d.l. 0.27 0.06 0.17 0.49 0.03 15 0.73
Th 0.2 44 45 39 40 36 24 38 68 42 47 46
Ti 50 1,900 2,403 90 b.d.l b.d.l. b.d.l 2,650 1,600 1,000 1,000 1,577
U 0.05 8.3 9.2 6.1 15 21 6.2 20 16 4.6 20 19
\Y 1 90 86 25 21 20 68 60 112 304 117 87
W 0.05 117 49 197 136 122 95 59 181 75 156 80

Abbreviations: alt. = alteration, AVG = average, b.d.l. = below detection limit, Det. limit = detection limit,

n = number of analyses, n.a. = not analyzed, Pot.-calc. alt. = potassic-calcic alteration, Rel. Fresh = relatively fresh.

Pearson product-moment correlation coefficients and associated p-values were
calculated for the bulk geochemical analyses conducted in this study along with
previously published geochemical analyses (Table 4.2, Supplement 3: Table S4-1).

Significant positive correlations (p <0.01, values > 0.8) were obtained for the
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following elemental pairs: Ag-Au, Au-Se, Au-Te, Au-U, Ce-La, Ce-Nd, Ga-Nb, Gd-
Nd, Gd-Sm, Nd-Sm, Se-Te, Se-U, Te-U (Supplement 3: Table S4-1). In addition,
positive correlations (p <0.05, values between 0.399 and 0.433) were defined for the
elemental pairs: Cd-Hg, Cd-Te, Ce-Ta, Ga-Ta, Gd-Ta, Ge-V, Hg-Sbh, La-Ta and Sm-
Ta (Supplement 3: Table S4-1). Significant negative correlations (p <0.01, values > -
0.586) occur for the pairs Ga-Ge, Ga-Hg, Ga-W, Ge-Nb, Hg-Nb and Nb-W
(Supplement 3: Table S4-1).
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Figure 4.4. Upper continental crust (UCC) normalized logarithmic spider diagram of the

eight analyzed samples presented here and the plot areas of previously analyzed
samples by Stergiou et al. (2021a) corresponding to sericitic and propylitic
alterations of quartz monzonite and latite (UCC normalized values after Rudnick and
Gao 2003).

4.3.2. Pyrite and chalcopyrite - Mode of occurrence

Pyrite at Vathi is ubiquitous, especially in potassic and sericitic alterations. It is
found as disseminations and aggregates, and in veins (Table 4.1). In the potassic
alteration of the quartz monzonite, pyrite occurs in A-type veins crosscutting the host

rock (Figure 4.3b). It is massive, filling the inner parts of the veins, and is intergrown
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with chalcopyrite and bornite. Native gold and galena are found in the interstices of
pyrite (Figure 4.5a). In the hydrothermal halo around the A-type veins, pyrite
disseminations and aggregates vary in size from 100 to 500 um. In the potassic
alteration of the latite, pyrite (Pyl) forms subhedral to euhedral disseminations and
rounded aggregates (<1 mm in size, Figure 4.5b). It occurs along with magnetite,

chalcopyrite, and traces of bornite, molybdenite and pyrrhotite (Figure 4.5b).

Figure 4.5. SEM back-scattered electron images of pyrite from different mineralization stages
from the quartz monzonite (a-c) and the latite (d-f). a. Pyrite (Py), native gold (Au)
and galena (Gn) in A-type vein (potassic alteration). b. Euhedral pyrite (Pyl),
chalcopyrite (Cpyl) and magnetite (Magl, potassic alteration). c. Pyrite (Py2) in D-
type vein and native gold (Au) in micro-cracks from sericitic alteration. d. Pyrite
(Py3) bearing inclusions of chalcopyrite (Cpy2) and pyrrhotite (Po, sericitic
alteration). e. Euhedral pyrite (Py) bearing tetrahedrite (Ttr) inclusions in E-type vein
(epithermal overprint, assemblage 1). f. Euhedral pyrite (Py4) with galena (Gn)
inclusions and chalcopyrite (Cpy3) in quartz (Qz) from E-type vein (epithermal

overprint, assemblage 2).

In the sericitized quartz monzonite, pyrite (Py2) forms subhedral to euhedral
disseminations and aggregates varying in size from 50 to 400 um, and D-type veins
(Figures 4.3c-e and 4.5c¢). Pyrite is intergrown with chalcopyrite, galena, native gold
and tetradymite. Galena (<500 um in size) is found in interstices or as replacements in
disseminated pyrite, while chalcopyrite, native gold (Figures 4.3d and 4.5c¢) and
tetradymite are found in micro-cracks and interstices in pyrite filling D-type veins.
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The sericitic alteration of latite hosts disseminations and aggregates of pyrite as well
as massive pyrite in D-type veins (Figure 4.3f,g). Disseminated pyrite (Py3) is
intergrown with chalcopyrite and locally hosts inclusions (<100 m in size) of galena
and pyrrhotite (Figure 4.5d, Stergiou et al. 2021a). Pentlandite (<10 um in size) was
found in pyrrhotite. In D-type veins, massive pyrite is the dominant sulfide, while
minor chalcopyrite inclusions are also found.

In the E-type veins related to the epithermal overprint, pyrite is a minor
constituent in assemblage 1, and a major constituent in assemblage 2 (Table 4.1). In
assemblage 1, euhedral pyrite (<80 um in size) is found as inclusions in galena and
sphalerite. Locally, it hosts tetrahedrite inclusions (<10 um in size, Figure 4.5¢). In
assemblage 2, massive pyrite (Py4) is intergrown with pyrrhotite filling the inner parts
of the veins (Figure 4.3h). Euhedral pyrite is found in the periphery of the veins and
hosts inclusions of galena (Figure 4.5f).

Chalcopyrite is the second most abundant sulfide at Vathi (Table 4.1). In the
potassic alteration of the quartz monzonite, chalcopyrite is found in A-type veins
along with pyrite, native gold, and minor bornite and galena. In the hydrothermal halo
around the A-type veins, chalcopyrite forms disseminations up to 200 pum in size
(Figures 4.3b and 4.6a). In the potassic alteration of the latite, chalcopyrite (Cpy1, <1
mm in size) overgrows magnetite and coexists with pyrite, bornite, molybdenite and
pyrrhotite (Figures 4.5b and 4.6b).

In the sericitically altered quartz monzonite, chalcopyrite appears as
disseminations (<50 pum in size) and as aggregates along with pyrite (Figure 4.3e).
Galena and tetradymite are found as inclusions (<100 um in size) in chalcopyrite
(Figure 4.6c). In the D-type veins, chalcopyrite occurs in fractures along pyrite
(approximately <50 um in width, Figures 4.3e and 4.6d). In the sericitic alteration of
the latite, chalcopyrite (Cpy2) locally exhibits a more extensive distribution than
pyrite and forms large aggregates reaching 1 cm in size. Chalcopyrite hosts inclusions
of molybdenite, galena, sphalerite, bornite, pyrrhotite and pentlandite (<100 um in
size), as well as native gold, tennantite, tetrahedrite, wittichenite, fletcherite and
cuprobismutite, which do not exceed 50 um in size (Figure 4.6¢,f). In D-type veins,
crosscutting the sericitic alteration of latite, chalcopyrite is a minor constituent. It is
found in pyrite as inclusions reaching up to 100 um in size. In E-type veins,
chalcopyrite occurs as nano-scale inclusions in sphalerite (i.e., chalcopyrite disease,
assemblage 1, Table 4.1). In assemblage 2, chalcopyrite (Cpy3) is a minor constituent
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filling interstices (<100 um) between pyrite, pyrrhotite and quartz (Table 4.1, Figure
4.5f).

Cpy2

300pm 40um

Figure 4.6. SEM back-scattered electron images of chalcopyrite from different mineralization
stages from the quartz monzonite (a-d) and the latite (e-f). a. Chalcopyrite (Cpy) is
intergrown with pyrite (Py) in A-type vein (potassic alteration). b. Chalcopyrite
(Cpyl) overgrowth on magnetite (Mag2) aggregates (potassic alteration). c.
Chalcopyrite (Cpy) is intergrown with pyrite (Py2) and bears inclusions of galena
(Gn) and tetradymite (Ttd, sericitic alteration). d. Chalcopyrite (Cpy) and traces of
tetradymite (Ttd) fill a crack running across a D-type vein with massive pyrite (Py2,
sericitic alteration). e. Chalcopyrite (Cpy2) and euhedral inclusions of bornite (Bn),
fletcherite (FIt), and molybdenite (Mol), with traces of wittichenite (Wt) are found in
bornite (Bn, sericitic alteration). f. Chalcopyrite (Cpy2) and wittichenite (Wt, sericitic
alteration).

4.3.3. Magnetite and titanite - Mode of occurrence

Magnetite occurs in the potassic-calcic alteration of the quartz monzonite and in
the potassically altered latite (Table 4.1). In the potassic-calcic alteration, magnetite
(Mag1l) occurs as disseminations (<400 um in size) and in M-type veins (<1 cm in
width). It is intergrown with titanite and ilmenite (<100 um in size, Figure 4.7a,b). In
the M-type veins, massive magnetite is the dominant metallic mineral and includes
titanite and ilmenite (Figures 4.3a and 4.7a,b). In the potassic alteration in latite,

magnetite (Mag2) occurs as disseminations and aggregates (<500 pum in size, Figures
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4.5b and 4.6b). It is overgrown by chalcopyrite and hosts minor inclusions of
pyrrhotite (<40 um in size).

Titanite (Ttnl) is found in the potassic-calcic alteration of the quartz monzonite as
disseminations and in M-type veins (Figure 4.3a). Disseminated titanite (<100 um in
size) appears mainly as subhedral crystals, as intergrowths with ilmenite, and as

overgrowths on magnetite. In M-type veins, titanite (<400 pum in size) is included in

massive magnetite (Figure 4.7b).

000 r 3000

Figure 4.7. SEM back-scattered electron images of magnetite and titanite from the potassic-

calcic alteration of the quartz monzonite (a,b). a. Disseminated magnetite (Magl) is

intergrown with titanite (Ttnl) and ilmenite (Ilm). b. Massive magnetite (Magl)
including titanite (Ttn1) and ilmenite (1lm) in M-type vein.

4.3.4. Critical and rare metals in pyrite and chalcopyrite (LA-ICP-MS)

Trace elements in pyrite (Pyl, Py2, Py3, Py4) and chalcopyrite (Cpyl, Cpy2,
Cpy3) were measured by means of LA-ICP-MS. The trace element composition of
pyrite and chalcopyrite exhibits notable variations between the different
mineralization stages (Tables 4.3 and 4.4, Figure 4.8). In addition, ablation patterns
reveal the occurrence of nano-scale mineral inclusions in pyrite. These inclusions are
excluded from Tables 4.3 and 4.4. The complete analytical dataset for pyrite and
chalcopyrite is given in Supplement 2 (Table S3-1).

Several base (As, Cr, Cu, Mn, Mo, Ni, Sn, Zn) and rare metals (Ag, Bi, Co, Hg,
In, Sh, Se, Te, Ti, V, W) are incorporated in pyrite (Table 4.3, Figure 4.8). Of the four
stages of pyrite, Py4 is the most enriched in trace elements, while Py2 is the most
depleted one (Figure 4.8a). Cobalt is the most abundant rare metal, reaching 17,106
ppm in Py4 (Table 4.3). Ag (<6.6 ppm in Py4), Ti (<57 ppm in Py1), Se (<200 ppm in
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Pyl) and Sb (<10 ppm in Py3) are present in all pyrite stages (Table 4.3). V (<10
ppm) and Te (<41 ppm) were detected in Pyl and Py3, while In (<0.10 ppm) was
found in Pyl and Py4. Hg (<0.7 ppm) occurs in Py3, while W (<27 ppm) and Bi (<1.0
ppm) were found in Py4 (Table 4.3, Figure 4.8a). Trace elements related to nano-scale
mineral inclusions include Pb (<2,826 ppm in Pyl, Supplement 2: Table S3-1). Rare
metals related to nano-scale mineral inclusions comprise: Ag (<9.4 ppm), Cd (<48
ppm), In (<12 ppm), Au (<5.1 ppm) and Bi (<88 ppm) in Py1, gold (<2.2 ppm), Te
(<1,237 ppm) and Bi (<1,771 ppm) in Py2, Ti (<57 ppm), V (<4 ppm), Co (<342
ppm), Bi (<6.3 ppm) and Th (<0.24 ppm) in Py3, and Ag (<3.7 ppm), Bi (<1.8 ppm)
and U (<2.7 ppm) in Py4 (Supplement 2: Table S3-1).

Table 4.3. LA-ICP-MS analyses of pyrite from various mineralization stages. For the full
dataset, see Supplement 2, Table S3-1.

Potassic

Alteration (overprinted by Sericitic) Sericitic Epithermal overprint
Host rock Latite Quartz monzonite Latite
Mmesrtz"ialézeatlon Py1, Disseminated (n = 9) Py2, D-type veins (n = 9) Py3, Disseminated (n = 19) ags};%tﬁ:ggez\zﬁlgsf)
Element MIN | MAX ST AVG | MIN | MAX ST AVG | MIN | MAX ST AVG | MIN | MAX ST AVG
DEV DEV DEV DEV
ppm
Ag 2.2 2.2 n.a. 2.2 034 065 022 050 034 1.3 0.27 067 084 6.6 4.1 3.7
As 339 7,117 2,166 3,851 9.7 98 007 97 1.9 469 98 63 4.1 29 95 9.4
Au b.dl bdl na na. bdl bdl na na. bdl bdl na na. bdl bdl na n.a.
Bi b.dl bdl na na bdl bdl na na. bdl bdl na n.a. 1 1 n.a. 1
Co 17 1,341 409 201 11 93 33 33 073 8,700 1,391 1,931 23 17,106 7,954 4,736
Cr 27 47 7.9 38 36 46 4 41 31 54 3.8 42 30 42 39 35
Cu bdl bdl na n.a. 12 16 15 14 43 425 139 65 59 59 n.a. 59
Hg bdl bdl na na bdl bdl na na 046 067 na 056 bdl bdl na na
In 009 009 na 009 bdl bdl na na. bdl bdl na n.a. 0.1 0.1 n.a. 0.1
Mn 48 91 16 61 53 59 2.3 56 48 76 2.7 55 48 53 25 50
Mo b.dl bdl na na. bdl bdl na n.a. 2 2 n.a. 2 b.dl bdl na n.a.
Ni 85 9,448 3,059 1,398 4.1 59 22 20 23 5406 1411 602 6.2 2,153 778 890
Pb b.dl bdl na na. 054 43 19 22 bdl bdl na n.a. 7 7 n.a. 7
Sh 0.34 10 4.8 3.1 21 323 043 26 045 16 0.02 096 096 1.2 0.2 11
Se 11 26 4.4 18 14 19 2.6 16 14 200 27 51 5.8 18 49 12
Sn b.dl bdl na na bdl bdl na na. 046 046 na 046 bdl bdl na n.a.
Te 5.3 31 12 15 bdl bdl na n.a. 3 41 n.a. 18 bdl bdl na n.a.
Ti 20.3 39 6.7 29 26 34 2.8 30 20 57 2.6 31 21 41 7 28
TI 062 067 0.03 064 bdl bdl na na. bdl bdl na n.a. 12 1.2 n.a. 12
\Y 9.9 9.9 n.a. 99 bdl bdl na n.a. 4.2 4.2 n.a. 42 bdl bdl na n.a.
w b.dl bdl na na bdl bdl na na bdl bdl na n.a. 4.4 27 11 12
Zn 4.9 8.3 14 6.6 6 6.8 0.56 6.4 3.1 9.9 0.24 6.4 3.7 11 4.3 6.4

Abbreviations: AVG = average value, b.d.l. = below detection limit, MIN = minimum value, MAX = maximum
value, n = number of analyses, n.a. = not analyzed, STDEV = standard deviation.

Chalcopyrite (Cpyl) from the potassic alteration of latite is most enriched with
trace elements (Table 4.4, Figure 4.8b). Base (As, Cr, Mn, Ni, Pb, Sn, Zn) and rare
(Ag, Bi, Co, Cd, Ge, Hg, In, Te, Ti, V, W) metals occur in chalcopyrite (Table 4.4).
Ag (<519 ppm in Cpy2) is the most enriched rare metal and, along with Ti (<45 ppm
in Cpy3) and In (<62 ppm in Cpyl), is incorporated in all chalcopyrite stages (Figure
4.8b). Co (<5.3 ppm) and Bi (<40 ppm) are associated with Cpy1 and Cpy2, while Ge
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(<12 ppm) and Sb (<48 ppm) are found in Cpy2 and Cpy3 (Figure 4.8b). Cd (<45
ppm), V (<11 ppm) and Ga (<2.3 ppm) are related to Cpyl (Table 4.4, Figure 4.8b).
Se (<161 ppm), Te (<6.8 ppm) and Hg (<50 ppm) are present in Cpy2, whereas W
(<2 ppm) is found in Cpy3 (Figure 4.8b). Nano-scale mineral inclusions in
chalcopyrite chemistry are associated mainly with Pb and Bi. In Cpy2, Pb and Bi
concentrations ascribed to inclusions reach 13,912 ppm and 3111 ppm, respectively
(Supplement 2: Table S3-2). Additionally, Zn (<5,147 ppm), Ag (<9.4 ppm) and Cd
(<48 ppm) were detected in Cpyl (Supplement 2: Table S3-2).

Table 4.4. LA-ICP-MS analyses of chalcopyrite from various mineralization stages. For the
full dataset, see Supplement 2, Table S3-2.

Potassic
(overprinted by Sericitic)
Host rock Latite

Alteration Sericitic Epithermal overprint

Cpy3, E-type veins,
assemblage 2 (n =2)
ST ST ST

Mineralization stage| Cpyl, disseminated (n =10) | Cpy2, disseminated (n = 12)

Element MIN | MAX DEV AVG | MIN | MAX DEV AVG | MIN | MAX DEV AVG
ppm
Ag 6.8 17 3.4 10 8 519 103 47 134 407 193 271
As 56 83 8.9 67 4.8 25 5.6 12 bdl bdl na n.a.
Au b.dl bdl na na bdl bdl na na bdl bdl na n.a.
Bi 3 40 13 21 2.1 2.1 n.a. 21 bdl bdl na n.a.
Cd 4.4 45 15 14  bdl bdl na na bdl bdl na n.a.
Co 4.8 49 005 49 058 53 21 1.7 bdl bdl na n.a.
Cr 20 38 6.7 27 19 55 8.8 29  bdl bdl na n.a.
Ga 2.3 2.3 n.a. 23 bdl bdl na na bdl bdl na n.a.
Ge b.dl bdl na n.a. 4.9 12 5.1 8.5 9 9 n.a. 9
Hg bdl bdl na na 083 50 28 17  bdl bdl na na
In 32 62 11 50 3.1 57 8.1 25 1 57 39 29
Mn 33 40 2.8 36 30 42 1.9 33 31 31 n.a. 31
Mo b.dl bdl na na bdl bdl na na bdl bdl na n.a.
Ni 5.1 6.2 0.8 5.7 4.1 75 2 53 bdl bdl na n.a.
Pb 5.4 14 6.1 9.7 4 4 n.a. 4 bdl bdl na n.a.
Sh b.dl bdl na n.a. 1.1 48 26 24 3.4 3.4 n.a. 34
Se b.dl bdl na n.a. 46 161 13 73 bdl bdl na n.a.
Sn 1.8 9 2.9 5.3 18 144 9 119 48 91 31 70
Te b.dl bdl na n.a. 3.9 6.8 1.7 51 bdl bdl na n.a.
Ti 11 41 9.6 24 12 31 6.1 17 45 45 n.a. 45
TI 042 042 na 042 38 38 n.a. 38 bdl bdl na n.a.
\Y 11 11 n.a. 11  bdl bdl na na bdl bdl na n.a.
w b.dl bdl na na bdl bdl na n.a. 2 2 n.a. 2
Zn 137 2,392 925 790 19 55 2.1 34 287 571 201 429

Abbreviations: AVG = average value, b.d.l. = below detection limit, MIN = minimum value, MAX = maximum
value, n = number of analyses, STDEV = standard deviation.

4.3.5. Critical and rare metals in magnetite and titanite (LA-1CP-MS)

Magnetite (Magl, Mag2) exhibits variations between the analyzed samples, while
titanite (Ttnl) is characterized by distinctive geochemical patterns. Several rare metals
were partitioned between coexisting magnetite and titanite, with titanite being a major
host of REE (Table 4.5, Supplement 2: Tables S3-3 and S3-4).
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Figure 4.8. Average values of rare metal concentrations of (a) pyrite and (b) chalcopyrite
from various mineralization stages. Local enrichments related to nano-scale mineral

inclusions are excluded.

Magnetite (Mag2) is more enriched with trace elements than Magl (Table 4.5).
Various base metals (e.g., Cr, Cu, Mn, Ni, Zn) and a restricted number of rare metals,
including Ti, V, Co, Ga, Ge, Se and W, occur in magnetite (Table 4.5, Figure 4.9a). V
(<4,176 ppm in Mag1l) is the most enriched rare metal, followed by Ti (<2,468 ppm in
Mag?2, Table 4.5, Figure 4.9a). Co (<14 ppm) and Ga (<125 ppm) are more enriched
in Magl, whereas Ge (<16 ppm) is more enriched in Mag2. Se (<3.3 ppm) and W
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(<13 ppm) were found in Magl and Mag2, respectively (Table 4.5, Figure 4.9a). Rare
metals related to the presence of nanoparticles in magnetite (Magl) include Ti
(<3,553 ppm), Ag (<1.9 ppm), La (<4.3 ppm), Ce (<7.7 ppm), Bi (<0.92 ppm) and Th
(<23 ppm, Supplement 2: Table S3-3). Sb (<2.6 ppm), Ce (<1.2 ppm), Bi (<6.4 ppm)
and U (<5.6 ppm, Supplement 2: Table S3-4) were detected in Mag2. It should also be
mentioned that Cu (<107 ppm) was detected in Magl, and Pb (<46 ppm in Magl) was
found in Mag2.

Table 4.5. LA-ICP-MS analyses of magnetite and titanite from various mineralization stages.
For the full dataset, see Supplement 2, Tables S3-3 and S3-4.

Mineral Magnetite Titanite
Alteration Potassic-calcic Potassic (overprinted by sericitic) Potassic-calcic
Host rock Quartz monzonite Latite Quartz monzonite
Mmesrglézatlon Mag1l, M-type veins (n = 7) Mag2, disseminated (n = 9) Ttnl, M-type veins (n = 5)
Element MIN | MAX [STDEV] AVG | MIN | MAX [STDEV| AVG | MIN | MAX [STDEV]| AVG
ppm
Ag b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a. b.d.l b.d.l. n.a. n.a.
Al 1,062 3,161 873 1,966 943 4,076 1576 2,416 4,505 5,002 209 4,741
As 43 60 12 52 b.d.l. b.d.l. n.a. n.a. 39 146 40 104
Au b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a.
Bi b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a.
Cd b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a.
Ce b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a. 1,813 5535 1487 4,047
Co 9.8 14 1.6 12 5 13 31 8.4 4 4 n.a. 4
Cr 39 282 96 112 63 2,043 738 372 b.d.l b.d.l. n.a. n.a.
Cu 36 36 n.a. 36 13 23 52 19 47 68 12 57
Ga 78 125 15 109 34 53 6.2 41 12 35 11 18
Gd b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a. 131 984 352 736
Ge 2.9 2.9 n.a. 29 55 16 6.2 3.7 24 40 7 35
In b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a. 4.9 10 21 7.8
La b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a. 576 1,369 343 1,020
Mn 564 734 69 644 467 786 118 660 311 713 156 498
Mo b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a. 7.6 11 1.6 8.6
Nb n.a. n.a. n.a. n.a. b.d.l. b.d.l. n.a. n.a. n.a. n.a. n.a. n.a.
Nd n.a. n.a. n.a. n.a. b.d.l. b.d.l. n.a. n.a. 872 4,215 1331 3,121
Ni 382 814 173 594 11 11 n.a. 11 b.d.l. b.d.l. n.a. n.a.
P 125 364 169 245 b.d.l b.d.l n.a. n.a. 365 984 299 617
Pb b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a.
Re n.a. n.a. n.a. n.a. b.d.l. b.d.l. n.a. n.a. n.a. n.a. n.a. n.a.
Sh b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a. 11 22 5.4 19
Se 3 3.3 n.a. 3.3 b.d.l. b.d.l. n.a. n.a. 74 141 28 102
Sm b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a. 164 1,070 368 792
Sn 44 13 3.6 8.8 2.9 6 1.3 4.3 1286 2,503 496 1,988
Te b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a.
Ti 1503 1,784 154 1,607 1074 2,468 542 1,718 189,900 203,100 4,731 195,660
Th b.d.l. b.d.l. n.a n.a b.d.l. b.d.l n.a. n.a. 32 309 103 206
TI b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a.
U n.a. n.a. n.a. n.a. b.d.l. b.d.l. n.a. n.a. n.a. n.a. n.a. n.a.
\ 3531 4,176 219 3,763 1831 2,832 327 2,381 1,164 2,620 568 2,136
% b.d.l. b.d.l. n.a. n.a. 2.7 13 4.8 6.8 11 81 34 31
Zn 37 59 7.9 51 59 137 33 92 38 63 11 50

Abbreviations: AVG = average value, b.d.l. = below detection limit, MIN = minimum value, MAX = maximum
value, n = number of analyses, n.a. = not analyzed, STDEV = standard deviation.

Titanite (Ttnl) hosts base (As, Cu, Mn, Sn) and rare (e.g., V, Th, Se, W) metals
and is enriched with REE (Table 4.5, Figure 4.9b). Rare metals comprise V (<2,620
ppm), Th (<309 ppm), Se (<141 ppm), W (<81 ppm), Ge (<40 ppm), Ga (<35 ppm),
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Sb (<22 ppm), In (<10 ppm) and Co (<4 ppm, Figure 4.9b). Rare-earth elements in
Ttnl include Ce (<5,535 ppm), which is the most enriched trace element, followed by
La (1,369 ppm), Sm (1,070 ppm), Nd (421 ppm) and Gd (986 ppm, Table 4.5, Figure
4.9b). Enrichments of rare metals related to nano-scale mineral inclusions were not

detected in titanite.
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Figure 4.9. Average values of rare metal concentrations of (a) magnetite and of (b) titanite
from various mineralization stages. Local enrichments related to nano-scale mineral

inclusions are excluded.
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4.3.6. Statistical analysis of trace elements concentrations

In order to further investigate the chemistry of pyrite, chalcopyrite, magnetite and
titanite, and the geochemical association of the detected and measured rare metals,
Pearson product-moment correlation coefficients and associated p-values were
calculated for the LA-ICP-MS analyses. Heat maps of the Pearson correlation
coefficient matrix for pyrite, chalcopyrite, magnetite and titanite are given in Tables
S4-5 to S4-8 in Supplement 3. Based on data reduction and ablation patterns, trace
element concentrations related to nano-scale mineral inclusions, or nanoparticles in
the case of magnetite, were excluded before the statistical analyses.

Pearson product-moment correlation coefficients for pyrite are described by
significant positive correlation (p <0.01, value = 0.660) defined for the elemental pair
Bi-Co (Supplement 3: Table S4-5). In addition, positive correlations (p <0.05, value =
0.353) were defined for the pairs Hg-Te and Te-V (Supplement 3: Table S4-5).
Negative correlations were not defined.

Significant positive correlations (p <0.01, values > 0.524) are noted for the
elemental pairs Ag-Hg, Ag-Sbh, Ag-W, Co-Hg, Co-Sh, Co-V, Hg-Sh, Hg-Se, Ti-V and
for Ti-W in chalcopyrite (Supplement 3: Table S4-6). Positive correlation (p <0.05,
value = 0.513) occur between Sb and Se. Significant negative correlations (p <0.01,
values = -0.59) include the pair Ag-In, negative correlations (p <0.05, values > -
0.409) are defined for the elemental pairs Bi-Se, Hg-In and In-W (Supplement 3:
Table S4-6).

Magnetite is characterized by significant positive correlations (p <0.01: values >
0.844) for the pairs Ga-V and V-W, and by positive correlations (p <0.05, value =
0.677) for the pair Co-V. Significant negative correlations were not detected for any
elemental pairs (Supplement 3: Table S4-7).

Strong positive correlation coefficients (p <0.01, values > 0.960) occur for the
elemental pairs Ce-La, Gd-Nd, Gd-Sm, Ge-Sb, Nd-Sm, Nd-V and Sm-V in titanite,
while smaller positive correlations (p <0.05, values > 0.884) occur between Ce and
Ge, Nd, Th and V, between Ge and La, Nd, Th and V, and for the pairs Ga-Th, Gd-V,
Nd-Th, Sm-Th and Th-V (Supplement 3. Table S4-8). Significant negative
correlations (p <0.01, values > -0.996) occur for the pairs Ge-W and Sb-W.

72



4.4. Discussion

At the Vathi deposit, the hydrothermal alteration, the porphyry and epithermal-
related mineralization stages, the bulk geochemistry, and the mineral chemistry reveal
specific mineralogical and geochemical relations to various rare metals (e.g. Ag, Au,
Bi, Co, Se, Te and W, Table 4.2). The REE distribution and relative REE enrichment
at Vathi are ascribed to monazite and titanite, and possibly to other rock-forming and
alteration minerals (e.g., monazite, epidote, feldspar Stergiou et al. 2021a). The
relatively fresh and unoxidized quartz monzonite (Vath 41) includes the highest
concentrations of Ce, Gd, La, Nd and Sm, which are significantly correlated with each
other (Figure 4.4, Supplement 3: Table S4-1). The comparison between the new and
the previously published bulk geochemical analysis at Vathi emphasizes the effect of
supergene processes on the enrichment of the rare metals (Table 4.2, Supplement 4:
Table S1-1, Stergiou et al. 2021a).

The metallic and alteration assemblages related to potassic-calcic alteration and
the complete absence of sulfide minerals suggest the highly oxidized nature of the
initial fluids, as well as the high solubility of Fe and FeCl, (Table 4.1, Arancibia and
Clark 1996). This type of alteration exhibits the lowest enrichment of rare metals
(Table 4.2, Figure 4.4). W, Ce, Th, Nd and La are the most enriched rare metals at
concentrations <75 ppm and are significantly correlated with each other (Supplement
3: Table S4-1). In Greece, M-type veins have been previously described from the
Pagoni-Rachi, the Maronia, and the Stypsi porphyry deposits (Voudouris et al. 2013b,
Voudouris et al. 2019b, Melfos et al. 2020). The M-type veins at Vathi are different in
terms of metallic content and alteration assemblages and are not associated with the
introduction of any hypogene mineralization, as is the case at Pagoni-Rachi
(Voudouris et al. 2013b, Voudouris et al. 2019b, Melfos et al. 2020). The potassic
alteration that was overprinted by sericitic alteration is associated with A-type veins in
the quartz monzonite and with disseminations in the latite at Vathi (Table 4.1, Figures
4.3b, 4.5a and 4.6a). The formation of the A-type veins was a restricted event in terms
of size and occurrence. According to Stergiou et al. (2021a), the formation of the A-
type veins is related to boiling hydrothermal fluids at temperatures >390 °C (646 bars,
<2.6 km in depth). The A-type veins are related to a restricted introduction of gold in

the Vathi magmatic-hydrothermal system (Table 4.1, Figure 4.5a).
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The sericitic alteration is characterized by D-type veins and disseminations in both
the quartz monzonite and the latite (Table 4.1, Figure 4.2d,e). The sericitic alteration
and the associated metallic and alteration assemblages formed at temperatures ranging
between 311 and 392 °C, from a moderately saline (8.4-11.2 wt.% NaCl equiv.) fluid
(Stergiou et al. 2021a). Tetradymite and native gold are spatially related to the
mineralization of the quartz monzonite (Figures 4.5¢ and 4.6¢,d). Bismuth tellurides,
Bi-sulfosalts, and Au-Ag-tellurides have been previously reported from calc-alkaline
to alkaline porphyry deposits in northern Greece (Voudouris et al. 2007). Tetradymite
associated with sericitic alteration was recognized from the Koryfes porphyry deposit,
whereas in the Papadokoryfi and Pagoni-Rachi porphyry deposits, tetradymite is
found in the porphyry-epithermal transition environment (Voudouris et al. 2019a).
The occurrence of pyrrhotite, pentlandite, wittichenite, fletcherite and cuprobismutite
found in the latite at Vathi is uncommon or is rarely described for the sericitic
alteration of the porphyry deposits found elsewhere in Greece (Voudouris et al.
2019a). At Vathi, pyrrhotite and pentlandite are found as inclusions along with
chalcopyrite in pyrite disseminations and aggregates, while fletcherite, wittichenite
and cuprobismutite occur as inclusions in chalcopyrite aggregates (Figures 4.5d and
4.6e). These textural characteristics suggest a Ni, Co, Bi and Ag enrichment and shifts
in fO/fS, conditions for the mineralizing fluids of this stage. Shifts in sulfur fugacity
caused by the interaction between the late-mineralizing fluids and carbonaceous wall
rocks have been previously suggested for Vathi (Stergiou et al. 2021a).

Bulk geochemical analysis showed that rare metals are enriched in the sericitic
alteration (Table 4.2, Figure 4.4). Au (0.8 ppm), Te (1.5 ppm) and Co (450 ppm)
exhibit their highest enrichment in this alteration, while Se (2.8 ppm), Bi (3.4 ppm)
and Ag (0.9 ppm) are also enriched (Table 4.2). In addition, Pearson’s correlation
coefficients suggested significant correlations for the pairs Ag-Au, Au-Se, Au-Te and
Se-Te (Supplement 3: Table S4-1). These results verify the association among
tetradymite and native gold. According to VVoudouris et al. (2019a), the porphyry- and
epithermal-style gold mineralization in Greece is classified as follows for deposits
where: (a) native gold and Au-Ag-tellurides are associated with Bi-sulfosalts and
oxidized-type Bi-sulfotellurides, (b) native gold is related to Bi-sulfosalts, and (c)
native gold and Au-Ag-tellurides are only present. Using this classification scheme, it

could be suggested that Vathi belongs to the first category.
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The epithermal overprint occurs in the sericitic alteration of latite and is associated
with E-type veins and cataclasite (Figures 4.1 and 4.2f,g). The epithermal stage,
according to Stergiou et al. (2021a), developed between 205 and 259 °C, from a
slightly saline (1.4-2.9 wt.% NaCl equiv.) fluid. Epithermal (E-type) veins related to
the porphyry-epithermal transition environment have been previously described in
Greece (e.g. Pagoni-Rachi, Stypsi, Maronia, Skouries) (Voudouris et al. 20193,
Melfos et al. 2020). At Vathi, the E-type veins host base metal sulfides only (Table
4.1).

4.4.1. Mineral chemistry of pyrite and chalcopyrite and nano-scale inclusions

The interpretation of the scanning electron microscopy and LA-ICP-MS analyses
for pyrite and chalcopyrite at Vathi suggests that specific minerals occur as nano-
inclusions. All the pyrite stages (Py1-4) at Vathi are enriched with Ag, Co, Sb, Se and
Ti (Table 4.3, Figure 4.8a). In contrast, Hg, Te and V are elevated in Pyl, Py2 and
Py3, whereas Bi and W are present in Py4 of the late-stage epithermal overprint. In is
associated with Pyl in the potassic alteration and the epithermal overprint (Py4,
Figure 4.8a). It is suggested here that based on the ablation patterns, Co and Se are
incorporated in pyrite as stoichiometric substitutions. Cobalt and Se are considered
common stoichiometric substitutions for Fe and S, respectively (Abraitis et al. 2004).
In addition, restricted amounts of Ag, Bi, Hg, In, Sb, Ti, V and W could be
accommodated in the pyrite structure as solid solutions (Table 4.3, Abraitis et al.
2004, Deditius et al. 2011).

Based on the concentrations of some elements and the laser ablation patterns,
several enrichments in trace elements of pyrite are attributed to nano-scale mineral
inclusions (Supplement 2: Table S3-1, Figure 4.10). The rare metals related to
inclusions comprise: Ag, Au, Bi, Cd and In in Pyl, Au, Bi and Te in Py2, Bi, Co, Th,
Ti and V in Py3, and Ag, Bi and U in Py4. Lead enrichment could be attributed to
nano-scale inclusions of galena in Py2, Py3 and Py4. These trace elements could be
associated with Bi-sulfosalts for Pyl, with tetradymite for Py2, with pentlandite for
Py3, and with galena for Py4 (Figure 4.10). Furthermore, based on the concentrations
of Au and Cu, nano-inclusions of native gold are accommodated in Pyl and Py2, and
chalcopyrite is hosted in Py2.

Chalcopyrite (Cpyl) (potassic alteration, latite) and Cpy2 (sericitic alteration,
latite), as well as chalcopyrite (Cpy3) (E-type veins), contain enrichments of Ag, In
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and Ti (Table 4.3). Cd, Ga and V are related to Cpyl, and Hg, Se and Te were found
only in Cpy2, while Bi and Co are associated with Cpyl and Cpy2. Ge and Sh were
found in Cpy2 and Cpy3, while W was measured only in Cpy3 from the E-type veins.
Based on the ablation patterns Ag, Bi, Cd, Co, Ga, Ge, Hg, In, Sb, Se, Te, Ti, V and

W are accommodated in chalcopyrite in solid solutions (Figure 9.11a,b).
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Figure 4.10. Selected time-resolved laser ablation ICP-MS depth profiles of pyrite (a-d) from
the different groups and their associated inclusions (highlighted in gray). Manganese,
Co, Ni and As, where present, exhibit similar distribution patterns to Fe, unless stated

otherwise. a. In Py1, the distribution patterns of Bi and Pb could be related to nano-
scale inclusions of Bi-sulfosalts. b. In Py2, the spiky patterns for Bi and Te could
suggest the presence of nano-scale inclusions of tetradymite. c. In Py3, the similarly
curved distribution patterns could be associated with the presence of pentlandite

inclusions. d. In Py4, the spiky patterns of Pb, Bi and Ag could suggest the

occurrence of galena inclusions.
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Figure 9.11. Selected time-resolved laser ablation ICP-MS depth profiles of chalcopyrite
(a,b), magnetite (c) and titanite (d) and their associated inclusions (highlighted in
gray). Iron, In, Ag and Sn, where present, exhibit similar distribution patterns to Cu,
in Cpyl and Cpy2. a. In Cpyl, the spiky patterns of Zn and Cd suggest the presence
of sphalerite as nano-scale inclusions, while the more spiky patterns for Bi, Pb and

Ag could be related to nano-scale inclusions of Ag-rich Bi-sulfosalts. b. In Cpy2, the

curved patterns of Bi and Pb could be associated with Bi-sulfosalts found as nano-

scale inclusions. c. In Magl, V, Ni and Ga follow similar distribution patterns to iron,

while the spiky patterns indicate a titanite inclusion in magnetite. In the titanite
inclusion, La, Ce and Th follow the distribution patterns of Ti. d. In Ttnl, V, Sn, La,

Ce, Nd, Sm, Gd and Th show similar distribution patterns.

Concentrations of trace elements ascribed to nano-scale mineral inclusions in
chalcopyrite include mainly Bi and Pb, while Ag, Cd and Zn were attributed to
inclusions in Cpyl (Supplement 2: Table S3-2, Figure 9.11a,b). Zn and Cd
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enrichments in Cpyl are likely related to the presence of sphalerite nano-scale
inclusions, while Bi and Pb (Cpyl, Cpy2), and Ag (Cpyl) are probably due the
presence of Bi-sulfosalts (Figure 9.11a,b). Chalcopyrite (Cpy3) exhibits minor Pb
enrichments, probably due to galena inclusions. It is noted that the presence of Bi-
sulfosalts in Cpy2 is also supported by the presence of wittichenite and

cuprobismutite (Figure 4.6e).

4.4.2. Mineral chemistry of magnetite and titanite and nano-scale inclusions

Magnetite (Magl) from the M-type veins related to the potassic-calcic alteration
in the quartz monzonite and magnetite (Mag2) from the potassic alteration in latite are
associated with rare metals including Co, Ga, Ge, Ti and V, while W occurs in Mag2.
These elements are likely incorporated as stoichiometric substitutions (Table 5, Figure
4.9a). Trace elements associated with nanoparticles include Ag, Bi, Ce, Cu, La, Pb,
Th and Ti for Magl, and Bi, Ce, Sb and U for Mag2 (Supplement 2: Table S3-3).
Ablation patterns and SEM-EDS analysis support the concept that titanite is hosted as
inclusions of various sizes in Magl (Figures 4.7b and 4.11c). The presence of Pb and
S in Mag2 could be related to minor nano-scale galena inclusions.

Titanite (Ttnl) from the potassic-calcic alteration associated with quartz
monzonite is enriched with Ce, Gd, La, Nd and Sm and hosts several rare metals
including Co, Ga, Ge, In, Sh, Se, Th and V (Table 5). These elements constitute
stoichiometric substitutions since nano-scale mineral inclusions were not detected
(Figure 4.11d).
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CHAPTER 5. GERAKARIO EPITHERMAL QUARTZ-
STIBNITE VEIN MINERALIZATION

5.1. Local geology

Paleozoic to Mesozoic two-mica gneisses and serpentinized peridotites of the
Vertiskos Unit form the basement rocks at Gerakario area (Figure 5.1). In vicinity,
large amphibolite outcrops are found intercalated in two-mica gneisses, while to the
west of the Gerakario area, rock units belonging to the Circum-Rhodope belt are
obducted onto the two-mica gneisses of the Vertiskos Unit (Figure 2.2). Additionally,
northwest of the Gerakario area, the Vathi Cu-Au+Mo porphyry deposit is located
(Figure 5.1a,b).

Cenozoic magmatic rocks appear at Gerakario (Miggiros et al. 1990). They
comprise granodiorite (34 + 0.5 Ma, U-Pb zircon ages, Frei 1992), which appear as
small stocks and is silica-saturated with calk-alkaline affinities (Miggiros et al. 1990),
as well as stocks and dikes of syenite (22 + 0.8 Ma, U-Pb zircon ages, Frei 1992) and
diorite (24.7 + 1.3 Ma, K-Ar whole rock, Tompouloglou 1981), which locally exhibit
porphyritic textures. Syenite and diorite are slightly saturated to saturated and exhibit
slightly alkaline affinities (Frei 1992). The diorite is reported from drill cores and is
not found at the surface (Tompouloglou 1981). Outcrops of phreatic breccias are
found in the broader area intruding the basement rocks (Toumanidou 2019). Local
structures include NE-SW and E-W trending normal to oblique faults, which transcut
the syenite (Miggiros et al. 1990, Figure 5.1a).

The granodiorite consists of quartz, plagioclase, hornblende, biotite, with minor
K-feldspar, zircon, apatite and titanite (Frei 1992). The alteration assemblage includes
biotite (weak potassic alteration), calcite, chlorite and epidote (propylitic alteration),
and sericite (sericitic alteration) (Frei 1992). The syenite comprises quartz,
plagioclase, K-feldspar, biotite and hornblende, and minor zircon, apatite, rutile and
titanite (Frei 1992, Toumanidou 2019). The matrix contains quartz and K-feldspar
(Frei 1992). Alteration assemblages include: biotite, magnetite and K-feldspar
(potassic alteration), chlorite, allanite and calcite (propylitic alteration), and sericite
and quartz (sericitic alteration) (Frei 1992). Hydrothermal alterations are extensively
superimposed on each other and have significantly altered both the magmatic rocks

and the surrounding metamorphic rocks (Toumanidou 2019).
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Figure 5.1. a. Geological map showing the Gerakario porphyry and epithermal system at the
Divouni Hills (2) in respect to the Vathi porphyry deposit (1). b. Geological cross
section of the study area. (modified after Miggiros et al. 1990, Stergiou et al.
2021a,b).

The porphyry mineralization outcrops at the Divouni hills and is genetically
associated with the syenite. It is hosted in the syenite, the granodiorite, and the
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metamorphic rocks (Toumanidou 2019). Ore textures include disseminations and
veins (A-, B- and D-type) (Toumanidou 2019). At the eastern part of the porphyry
system a stibnite mineralization is hosted in epithermal quartz veins crosscutting the
two-mica gneiss (Figure 5.1a). The epithermal veins are continuous (<5cm in width),
locally branched and filled with massive stibnite. In addition, other minor
mineralization occurrences are found in the region consisting mainly of pyrite and
chalcopyrite (+ arsenopyrite, galena, stibnite) (Toumanidou 2019, Figure 5.1a).
According to Frei (1992) metallic minerals related to porphyry mineralization include:
pyrite-chalcopyrite (disseminations) and magnetite-pyrite-chalcopyrite (A- and B-type
veins) found in the potassic alteration of the syenite. In addition, pyrite and minor
chalcopyrite (disseminations), and pyrite in D-type veins are found in the sericitic
alteration in the syenite, the granodiorite and the metamorphic rocks (Frei 1992,
Toumanidou 2019). The metamorphic rocks found north of the Divouni hill in contact
with the syenite are highly sheared and extensively hydrothermally altered
(Toumanidou 2019). Near the surface, the porphyry mineralization is significantly
oxidized. In the oxidation zone, pyrite is replaced by goethite, chalcopyrite by
malachite and jarosite, and magnetite by hematite (Frei 1992, Toumanidou 2019).

Previous fluid inclusion studies revealed that the porphyry-style mineralization
was developed at a maximum depth of 2 km, from magmatic-hydrothermal fluids with
moderate to high salinities at a minimum temperature of 380 °C (Tompouloglou 2001,
Toumanidou 2019). An early magmatic fluid was dissipated at 600 to 1000 °C and
subsequently cooled at temperatures varying between 380 to 460 °C (Tompouloglou
2001, Toumanidou 2019, Stergiou et al. 2022). Boiling and fluid decomposition
followed, resulting in a high saline aqueous fluid phase (35.7 to 45.6 wt% equiv.
NaCl) and in a moderate saline gas phase (14.8 to 22.0 wt% equiv. NaCl) in the H,O-
NaCl-KClI system. The fluids were entrapped in A- and B-type veins at pressures
ranging from 100 to 580 bar. Mixing of a high to moderate saline solution with
meteoric waters resulted in the formation of the epithermal stage related to the stibnite
vein mineralization at a depth between 600 and 1000 m. The mixture produced less
saline fluids (7.9 to 10.4 wt% NaCl) with homogenization temperatures between 280
and 320 °C, and hydrostatic pressures ranging from 65 to 116 bar (Toumanidou 2019,
Stergiou et al. 2022).
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5.2. Epithermal mineralization stage and alteration style

The epithermal quartz-stibnite veins at Gerakario consist of the following ore
mineral assemblage: stibnite + berthierite + native antimony + pyrite + arsenopyrite
(Figure 5.2). Minor amounts of marcasite, pyrrhotite, chalcopyrite, 16llingite and
native gold are also present (Dimou et al. 1987). Gangue minerals include mainly
quartz and minor calcite. Traces of valentinite (Sb,O3) are related to supergene
oxidation.

Stibnite is the predominant ore mineral in the epithermal quartz veins (<5cm in
width) (Figure 5.2b). Quartz is found on the walls of the epithermal veins along with
calcite, and as veinlets (<2 cm in width) with traces of stibnite. Hydrothermal halos
related to the epithermal mineralization are not observed in the surrounding two-mica

gneiss, which is slightly affected by sericitic alteration.

Figure 5.2. The epithermal quartz-stibnite veins at Gerakario (b-d: photomicrographs plane
reflected light). a. Massive stibnite (Stb) from Gerakario. b. Stibnite (Stb) with quartz
(Qz). c. Stibnite (Stb), euhedral arsenopyrite (Apy) and native antimony (Sb) in
quartz (Qz). d. Euhedral arsenopyrite (Apy) in stibnite (Stb) and quartz (Qz).
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5.3. Analytical results

5.3.1. Bulk geochemical analysis

Two bulk samples (Ger 3.1, Ger 05) from the quartz-stibnite vein mineralization
were geochemically analyzed. Table 5.1 includes the critical and rare metal
concentrations measured in these samples. The full geochemical dataset can be found
in Supplement 1 (Table S1-2).

The quartz-stibnite veins are more enriched in Ag, Au, Bi, Cd and Sb in respect to
upper continental crust (UCC) (Figure 5.3). In contrary, they are depleted in Ce, Co,
Ga, La and U (Figure 5.3). The trace elements Gd, Ge, Hg, In, Nb, Nd, Re, Se, Sm,
Ta, Te, Th, Ti, V and W exhibit concentrations below detection limits (Table 5.1,
Figure 5.3).

Antimony in the quartz-stibnite veins reaches 574,000 ppm (57.4 wt.%), and it is
followed by Co (up to 1.8 ppm), Ag (up to 1.2 ppm), Ga (up to 0.16 ppm), U (< 0.13
ppm), Au (up to 0.05 ppm), Cd (up to 0.05 ppm) and Bi (up to 0.03 ppm) (Table 5.1).
The concentrations of Ce and La reach 0.12 ppm and 0.4 ppm, respectively (Table
5.1).

Table 5.1. Bulk geochemical analyses of selected critical and rare metals from the epithermal
quartz-stibnite veins at Gerakario. For the full list of geochemical analyses please advise
Supplement 4, Table S1-2.

Host rock Two-mica gneiss Host rock Two-mica gneiss

Alteration Sericitic alteration Alteration Sericitic alteration

ppm Detection limit Ger3.1 | Ger05 | ppm Detection limit Ger3.1 | Ger05

Ag 0.01 0.98 1.2 Nd 0.1 b.d.l. b.d.l.
Au 5x10°® 0.05 0.04 Re 0.001 b.d.I. b.d.l.
Bi 0.01 0.02 0.03 Sh 0.01 326,000 574,000
Cd 0.01 0.05 0.04 Se 0.2 b.d.l. b.d.l.
Ce 0.02 0.09 0.12 Sm 0.03 b.d.l. b.d.l.
Co 0.1 1.8 0.9 Ta 0.01 b.d.l. b.d.l.
Ga 0.05 0.16 0.07 Te 0.01 b.d.l. b.d.l.
Gd 0.05 b.d.l. b.d.l. Th 0.2 b.d.l. b.d.l.
Ge 0.05 b.d.l. b.d.l. Ti 50 b.d.l. b.d.l.
Hg 0.005 b.d.l. b.d.l. U 0.05 0.09 0.13
In 0.005 b.d.l. b.d.l. \% 1 b.d.l. b.d.l.
La 0.2 0.4 0.4 W 0.05 b.d.l. b.d.l.
Nb 0.05 b.d.l. b.d.l.

Abbreviation: b.d.l. = below detection limit.
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Figure 5.3. Upper continental crust (UCC) normalized logarithmic spider diagram of the two
analyzed samples from the epithermal quartz-stibnite veins at Gerakario (UCC

normalized values after Rudnick and Gao 2003).

5.3.2. Stibnite - Mode of occurrence

Stibnite in the epithermal veins (<5 cm in width) is massive and forms granular
aggregates (Figure 5.2b). In some cases, stibnite inclusions (<100 um in size) are
found in quartz. Berthierite is commonly found as small inclusions in stibnite (Figure
5.4a) and locally as thin lamellae. Euhedral pyrite (<50 um in size) and arsenopyrite
(<200 um in size) (Figures 5.2c,d and 5.4b,c), and ovoid inclusions of native
antimony (<200 um in size) (Figure 5.4a,d), occur scattered in stibnite. The oxidation
of stibnite resulted in the formation of valentinite (<400 um in size), near the walls of
the veins (Figure 5.4Db).

5.3.3. Critical and rare metals in stibnite (LA-1ICP-MS)

Stibnite exhibits weak to moderate enrichments in trace elemental contents (Table
5.2, Figure 5.5). The full analytical dataset is given in Supplement 2 (Table S3-5).
Base (As, Cu, Pb) and critical and rare metals (Ag, Bi, Ce, La, Re, Sm, Th, Ti, Tl) are
hosted in stibnite (Table 5.1).
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Lanthanum (up to 86 ppm) is the most enriched rare metal, followed by Ti (up to
18 ppm), Ag (up to 0.91 ppm), Tl (up to 0.56 ppm), Bi (up to 0.33 ppm), Ce (up to
0.32 ppm), Sm (up to 0.10 ppm) and Re (up to 0.03 ppm) (Table 5.2, Figure 5.5). The
examination of ablation patterns reveals that critical and rare metals are incorporated

into stibnite lattice and that nano-scale mineral inclusions are not present.

100pum

Figure 5.4. SEM back-scattered electron images of stibnite from the quartz-stibnite veins at

100pm

Gerakario. a. Massive stibnite (Stb1) and minor inclusions of berthierite (Brth) and
native antimony (Sb). b. Stibnite (Stb1), valentinite (VIn) and euhedral pyrite (Py) in
quartz (Qz) interstices near the walls of the vein. c. Euhedral arsenopyrite (Apy) in
massive stibnite (Stbl). d. Round-shaped inclusions of native antimony (Sb) and
berthierite (Brth) in stibnite (Stb1).

5.3.4. Statistical analysis of trace elements concentrations

Pearson product-moment correlation coefficients for stibnite are described by
significant positive correlation (p <0.01, value = 0.919) defined for the elemental pair
Ce-La (Supplement 3: Table S4-9). Positive correlations (p <0.05, values: 0.563-
0.589) were defined for the pairs Ce-Sb and La-Sb (Supplement 3: Table S4-9).
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Negative correlation (p <0.05, value: -0.564) was defined for the elemental pair Bi-Sb
(Supplement 3: Table S4-9). Trace element concentrations related to nano-scale

mineral inclusions were excluded before the statistical analyses.

Table 5.2. LA-ICP-MS analyses of stibnite from the epithermal quartz-stibnite veins at
Gerakario. For the full dataset, see Supplement 2, Tables S3-5.

Alteration Sericitic Alteration Sericitic
Host rock Two-mica gneiss Host rock Two-mica gneiss
Mmesrte:ilézeatlon Stb1; Epithermal quartz-stibnite veins (n = 15) Mlneé’te;lglléatlon Stb1; Epithermal quartz-stibnite veins (n = 15)
Element MIN | MAX [ STDEV | AVG Element MIN | MAX | STDEV | AVG
ppm ppm
Ag 0.12 0.91 0.27 0.45 Nb b.d.l b.d.l n.a. n.a.
As 12 231 70 62 Nd b.d.l. b.d.l. n.a. n.a.
Au b.d.l. b.d.l. n.a. n.a. Pb 98 165 23 122
Bi 0.15 0.33 0.05 0.2 Re 0.03 0.03 n.a. 0.03
Cd b.d.l b.d.l n.a. n.a. Sb 710,800 716,500 1.611 711,827
Ce 0.09 0.32 0.08 0.2 Se b.d.l b.d.l n.a. n.a.
Co b.d.l b.d.l n.a. n.a. Sm 0.10 0.10 n.a. 0.10
Cu 29 55 8.6 40 Te b.d.l b.d.l n.a. n.a.
Ga b.d.l. b.d.l. n.a. n.a. Th 0.02 0.02 n.a. 0.02
Gd b.d.l b.d.l n.a. n.a. Ti 9.7 18 2.3 13
Ge b.d.l b.d.l n.a. n.a. TI 0.35 0.56 0.11 0.48
Hg b.d.l. b.d.l. n.a. n.a. U b.d.l. b.d.l. n.a. n.a.
In b.d.l b.d.l n.a. n.a. \Y b.d.l b.d.l n.a. n.a.
La 24 86 28 44 W b.d.l b.d.l n.a. n.a.

Abbreviations: AVG = average value, b.d.l. = below detection limit, MIN = minimum value, MAX = maximum
value, n = number of analyses, n.a. = not analyzed, STDEV = standard deviation.
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Figure 5.5. Average values of critical and rare metals concentrations of stibnite from the
epithermal quartz-stibnite veins. Local enrichments related to nano-scale mineral

inclusions are excluded.
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5.4. Discussion

The quartz-stibnite vein type mineralization is satellite to the Miocene Gerakario
Cu-Au porphyry deposit (Figure 5.1a). It was formed from a fluid of low to moderate
salinity (7.9 to 10.4 wt% NaCl) at temperatures not exceeding 320 °C, and in a depth
between 600 and 1000 m (Stergiou et al. 2022). A syenite stock (22 + 0.8 Ma, U-Pb
zircon ages, Frei 1992) is the main causative of the porphyry and epithermal
mineralization at Gerakario, while a granodiorite stock and the surrounding
metamorphics are the host rocks. The local structural setting (NE-SW and E-W
trending normal to oblique faults) enhanced hydrothermal fluid circulation and mixing
with meteoric water. As a result, base metal mineralization formed in the surrounding
metamorphic rocks (Toumanidou 2019, Figure 5.1a).

The epithermal quartz-stibnite veins are hosted in the sericitically altered gneiss.
They are mostly continuous and consist of stibnite + berthierite + native antimony +
pyrite + arsenopyrite = (marcasite, pyrrhotite, chalcopyrite, 16llingite, native gold)
(Dimou et al. 1987, Toumanidou 2019, Stergiou et al. 2022, Figure 5.2a-d, 5.4a-d).

Bulk geochemical analysis revealed enrichments in Co (<1.8 ppm), Ag (<1.2
ppm), Ga (<0.16 ppm), Ce (<0.12 ppm), La (<0.4 ppm), Au (<0.05 ppm), Cd (<0.05
ppm) and Bi (<0.03 ppm) (Table 5.1). The depletion in Hg is profound (Table 5.1)
and is in contrast to the Hg enriched character of the Sb ores located in SE China,
where the formation of the epithermal deposits is ascribed to mineralizing fluids
enriched in Sb-As-Hg-(Au-TI-U) (Wang et al. 2012, Fu et al. 2020). Noteworthy are
the relatively elevated concentrations of Ce (<0.32 ppm) and La (<86 ppm), as REE
are not commonly incorporated in epithermal systems (Hofstra and Kreiner 2020,
Table 1.2).

Hydrothermal carbonates (e.g. calcite) mainly host REE in the epithermal systems
(Wang et al. 2012). In these cases, REE fractionation is depended upon the
composition of the mineralizing fluids and the co-precipitating of other ore, gangue
and alteration minerals (Wang et al. 2012). During precipitation of calcite, medium
and heavy REEs are preferentially incorporated in its crystal lattice, while light REEs,
especially La, are enriched in the residual fluid (Wang et al. 2012). Thus, significant
contents of La and Ce, and rarely Pr, Nd and Sm are incorporated in stibnite, which
formed after calcite (Wang et al. 2012). Leaching of carbonate wall rocks and of rock-

forming minerals from the magmatic-hydrothermal fluids may introduce REEs to the
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circulating hydrothermal system (Wang et al. 2012). A similar mechanism has been
proposed for the REE enrichment detected in the oxidation zone of the adjacent Vathi
porphyry Cu-Au+Mo deposit (Stergiou et al. 2021a, Figure 5.1). Furthermore, REE
incorporation in minerals is related to specific physicochemical factors, including the
structure of the lattice and complexation (i.e. the combination of individual atom
groups, ions or molecules to create one large ion or molecule, Diaz-Garcia and Badia-
Laifio 2005), as well as sorption and desorption (Wang et al. 2012). Magmatic fluids
are generally depleted in REE, while meteoric fluids are slightly enriched in light
REE (Wood and Shannon 2003).

The anatomy of the quartz-stibnite veins at Gerakario, the ore assemblage, the
bulk geochemistry, and the fluid inclusions study suggest that the ore mineralization
was developed from intermediate to low sulfidation hydrothermal fluids, in a fault-
induced epithermal stage set at the periphery of the Gerakario porphyry system. The
same could be suggested for all the base metals vein sets found in the vicinity of the
Gerakario porphyry system. Epithermal, high to low sulfidation veins are commonly
found peripheral to porphyry systems and porphyritic intrusions (Sillitoe 2010, Wang
et al. 2019). Epithermal veins are associated with several porphyry deposits in Greece
(e.g., Pagoni Rachi, Maronia, Vathi) (Voudouris et al. 2019a, Melfos et al. 2020,
Stergiou et al. 2021). However, the veins in these deposits do not host massive
stibnite (Voudouris et al. 2019a). Epithermal veins with massive stibnite and realgar
are found distal to porphyritic intrusions located at Chios island and the Agia area
(Mavrovounio mountain). In those deposits, a zoning proximal to the intrusions

containing Sn and Pb-Zn-Cu sulfides was identified by Voudouris et al. (2019a).

5.4.1. Mineral chemistry of stibnite and nano-scale inclusions

Stibnite (Stb1l) at Gerakario is enriched in base metals (As, Cu, Pb) and bears
weak to moderate contents of critical and rare metals (Ag, Bi, Ce, La, Re, Sm, Th, Ti,
TI) (Table 2, Figure 5.6). However, it is depleted in Au, Hg, Se and Te with
concentrations below detection limits (Table 5.2). The depletion of Hg in stibnite
contrasts to the Hg enrichment in stibnite from SE China (Fu et al. 2020). In addition,
the depletion of Au*™ as solid solutions in stibnite and the presence of native gold in
interstices of the quartz-stibnite veins (Dimou et al. 1987) indicate that Au
precipitation slightly followed Sb precipitation. Thus, it could be suggested that the
deposition of massive stibnite depleted the H,S content of the mineralizing fluids, and
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enhanced the precipitation of native gold (Au®) in the quartz-epithermal veins (Zhou
et al. 2021).

The concentrations of As, Cu and Pb in stibnite can be attributed to the
stoichiometric substitutions of Sb (2Sb*" « Cu*+Pb*+As*"), as well as, in some
cases, to invisible nanoparticles or to higher incorporation of an element in a specific
sector zone, as the LA-ICP-MS depth profiles locally consist of a series of peaks of
slightly varying size (Figure 5.6a,b) (Fu et al. 2020). In addition, Cu and Pb exhibit a
more consistent distribution in stibnite relatively to the As distribution (Table 5.2).
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Figure 5.6. Selected time-resolved laser ablation ICP-MS depth profiles of stibnite from the
epithermal quartz-stibnite veins at Gerakario. a. In Stbl, the distribution patterns of
As, La, Pb, Cu and Sb are similar suggesting their affiliation with stibnite. b. In Stb1,
the spiky pattern for As shows the presence of nano-scale inclusions of arsenopyrite
in stibnite or that As is incorporated in higher amounts in a specific stibnite sector

Zone.

The depth profile of La exhibits a similar pattern to those of Sh, As, Cu and Pb
(Figure 5.6a,b). The crystal lattice of stibnite does not include proper sites for REE
accommodation, especially for La (Wang et al. 2012). Thus, following the suggestions
of Wang et al. (2012), lanthanum in stibnite at Gerakario may occur in fluid
inclusions or in lattice defects. The rest of the critical and rare metals, including Ag,
Bi, Ce, Re, Th, Ti and TI, which are detected in stibnite, display depth profiles close
to background values. Regarding Ce and La contents, possible matrix-derived
interferences (i.e., *!Sb'™0(+H) for La and Ce) could not be excluded and the

distribution of these elements needs further investigation.
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The depletion of stibnite in Hg, Se and Te, and the enrichment in La could suggest
that it was deposited during the late stages of the mineralizing events in the porphyry-
epithermal system at Gerakario. In addition, the other Fe-Cu-Pb-As vein
mineralization found in the periphery of the porphyry system (Stergiou et al. 2022)
(Figure 5.1a), and the enrichment of As, Cu and Pb in stibnite, indicate the

predominance of base metals in the mineralizing fluids related to the epithermal stage.
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CHAPTER 6. METAMORPHIC- AND QUARTZ-HOSTED
POLYMETALLIC VEIN MINERALIZATION AT
LAODIKINO

6.1. Local geology

The basement rocks at Laodikino consist mainly of Paleozoic two-mica gneiss and
chlorite-muscovite schist, and in lesser amounts of biotite-, amphibole-, sericite- and
garnet-gneiss belonging to the Vertiskos Unit (Thymiatis 1995, Figure 6.1a,b). Minor
lenses of amphibolite and serpentinite-talc schist are intercalated in the basement
gneisses and schists (Thymiatis 1995). These rocks were thrusted towards W-SW on
the rock units of the Circum-Rhodope belt (CRB, Spahic et al. 2019, Kilias 2021).
According to Kilias et al. (1999) and Tranos et al. (1999), the SW-directed reverse
faults, the NW-SE-trending kink bands, and the high-angle strike-slip faults found at
the western part of the Vertiskos Unit document the local development of a NE-SW-
trending contractional component related to thrusting. The SW-vergent thrusting
probably occurred between late Oligocene and early Miocene (Kilias et al. 1999).

The CRB includes Permian to late Triassic quartzite, volcano-sedimentary rocks
and minor quartz- and calc-schists (CRB: Pyrgoto and Examili Formations), and
middle to late Triassic limestone (CRB: Svoula Group) (Sidiropoulos 1991, Thymiatis
1995, Spahic et al. 2019, Figure 6.1a). According to Spahic et al. (2019), the
metamorphic rocks of the broader Laodikino area belong to the late Devonian-early
Carboniferous "Veles Series", which forms the eastern part of the CRB in the region.
The "Veles Series” is a relic of the northern active margin of the old Paleotethys
ocean-floor, while the Examili and Pyrgoto Formations document a Permian-early
Triassic rifting (Spahic et al. 2019). According to Kougoulis et al. (1990), a barite
mineralization enriched in Fe, Pb and Zn, is hosted in these rocks near Lipsidri village
(Figure 6.1a). The barite mineralization is compact, stratiform and syngenetic to
middle to late Triassic basic meta-tuffs belonging to the volcano-sedimentary rocks
(Kougoulis et al. 1990, Asvesta 1992).

Four ductile deformation phases affected the Laodikino rocks, including the pre-
Mesozoic to Mesozoic D1 to D3 phases, and the Cenozoic D4 phase, followed by
brittle deformation (Kourou 1991, Thymiatis 1995). The D2 phase is the first event
associated and is described by isoclinal folding of S1 fabric and by a penetrative S2
fabric.
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The D3 event is characterized by tight isoclinal to recumbent folds and by a planar
penetrative S3 fabric (Kourou 1991). The Cenozoic D4 event folded S3 fabric and
produced open upright and kink folds and a planar S4 fabric (Kourou 1991, Thymiatis
1995). The D3 deformation event is associated with Jurassic to early Cretaceous
amphibolite facies metamorphism, while the D4 deformation event is related to the
late Cretaceous-Eocene upper greenschist and retrograde low greenschist facies
metamorphism (Kourou 1991, Sidiropoulos 1991). Brittle deformation (early
Oligocene-Miocene) is mainly characterized by NW- and NE-trending normal to
oblique faults (Kilias 1999).

Several pegmatites, aplites and quartz veins occur parallel to the foliation of or
intrude the metamorphic rocks at Laodikino. They are associated with the tectono-
metamorphic evolution of the area and are divided in three groups. The first group
includes dikes of pegmatites and aplites (<1 m in width), as well as quartz veins (<20
cm in width) almost parallel to the main schistosity of the two-mica gneiss. They are
barren and their formation is attributed to the deep crustal retrogression during
metamorphism (diaftorism) of the two-mica gneiss of the Vertiskos Unit (D2
deformation phase).

The second group of dikes comprises mainly pegmatites, and only sparsely aplites.
They intrude the metamorphic rocks and crosscut the D3 deformation phase. These
pegmatites form irregular stocks, sills and dikes (<100 m in length) and locally are
intersected by hydrothermal quartz veins (fourth group). Along the pegmatites, minor
lenses and veins (<20 cm in width) of oxidized mineralization are found, K-feldspar
and plagioclase are altered to kaolinite and sericite, while the groundmass is
dominated by sericite.

The third group includes milky quartz-chlorite veins (<20 cm in width, Figure
6.1a). These veins are found along planes of low-angle normal faults (N13W/69°ENE
in average) developed in the hanging wall of reverse faults. Quartz is locally highly
fragmented and vuggy, while chlorite forms foliated masses. Minor plagioclase and
muscovite are also found. Plagioclase is slightly altered to sericite. Stains of Fe- and

Mn- oxides appear in quartz fractures.
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Figure 6.1. a. Geological map of the Laodikino metamorphic- and quartz-hosted polymetallic
vein mineralization. b. Geological cross section of the study area (modified after

Kockel and loannidis 1979a, Miggiros et al. 1990, Thymiatis 1995).
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The forth group consists of hydrothermal quartz veins (<1 m in width) and
polymetallic massive veins (~4 m in width). These two types of veins exhibit similar
distribution and host Cu-Fe-As-Zn-Pb-Sb mineralization, which is enriched in Ag-Au-
Bi-Cd-Co-Hg-In-Se-Te (Thymiatis 1995, Voudouris et al. 2007). They are mostly
found at Profitis-Souvlakia, Lipsidri and Laodikino-Fanari (Figure 6.1a), where they
intrude the D3 folds and are sub-parallel to or crosscut the D4 folds (Thymiatis 1995).
Locally, along shear zones the polymetallic massive veins appear as lenses (i.e.
boudin-like structures). They also appear in mylonitic zones (<2 m in width) of pre-
existing normal or reverse fault zones (brittle deformation subsequent to D4
deformation phase). The largest veins are associated with NW-SE faults
(N35W/73°NE in average), while smaller veins are found in accordance with NE-SW
faults. Overall, the polymetallic quartz veins appear in higher angles than the
polymetallic massive veins. In the Laodikino-Fanari area, restricted mineralization
zones are found related to sub-parallel sets of veins and faults. Hydrothermal halos
around the quartz veins are characterized by sericitization and chloritization. Due to

supergene processes the mineralization in quartz and massive veins is oxidized.

6.2. Mineralization and alteration styles

Thymiatis (1995) was the first to describe in detail the metallic assemblages at
Laodikino, and mentions three distinct assemblages occurring as massive and banded
(stratiform-like, VMS-style) veins, massive veins, as well as disseminations. Based on
Thymiatis (1995), Voudouris et al. (2007), and this study the metallic assemblages are
revised as follows: 1) massive and banded (stratiform-like), 2) pods, 3) polymetallic
massive veins, 4) polymetallic quartz veins, and 5) disseminations and aggregates in
hydrothermal halos (Table 6.1). This study was focused on the mineralization hosted
in the pods and in the polymetallic quartz veins.

The massive and banded (stratiform-like) metallic assemblage occurs only in drill
core samples and was described by Thymiatis (1995). It is hosted in quartz- and calc-
schists of the CRB reaching 2.5 m in width (Thymiatis 1995). Brown sphalerite is the
main metallic mineral (>70 wt.% of the mineralization) followed by pyrite, galena,
chalcopyrite, tetrahedrite, and minor amounts of boulangerite, bournonite, freibergite,
jordanite, cosalite, ullmanite and berthierite (Thymiatis 1995, Table 6.1).
Boulangerite, bournonite and jordanite mainly occur in calc-schist (Thymiatis 1995).

Quartz and calcite are found as gangue minerals. Hydrothermal alteration includes
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baritization and chloritization identified by the occurrence of barite, witherite and
chlorite (Table 6.1).

The mineralized pods (<10 cm in width) are found along foliation in the biotite
gneiss and are characterized by brecciated texture and chloritization (Figure 6.2a,b).
They accommodate magnetite, pyrite, chalcopyrite, rutile, ilmenite, and traces of
galena, arsenopyrite, xenotime and bastnésite (Table 6.1, Figure 6.3a-c). Gangue

minerals include quartz and calcite, while chlorite is related to alteration.

Table 6.1. Summary of the typology, alteration and textural characteristics of the
mineralization at Laodikino.

. N . N . Gangue and
Mmer:lézatlon Mmegflllzatlon Host rock Alteration style as'\s/tlaﬁ?)llléc e alteration Reference
g y g assemblage
- Sph + Py + Gn
. Massive and
?
(m'\i/l deglc; Ztooliéte banded Quartz- and Baritization + ;B%?l)l/; g;rn Brt + Wth + Chl Thymiatis
o (stratiform-like, calc- schist chloritization Qz + Cal (1995)
Triassic?) VMS-style) + Fr+ Jo = Cos
ty + Ull + Brth
Mag + Py + Cpy + I
. Thymiatis
Pre-Cenozoic to Pods . - I Rt+Ilm+ Gn=+
early Cezonoic ? (magnetite-rich) Biotite gneiss Chloritization Apy + Xtm Cal + Chl + Qz (_1995),
this study
+ Bsn
Apy + Py + Cpy + Thymiatis
. Sph+ Ttr+ Gn £
Polymetallic (1995),
: - Po+Mag+Ilm+ .
massive veins Voudouris et al.
Rt + Cob + Alt (2007)
Sericitization + _PilsxElexBi
Cenozoic? Polymetallic . . S Py + Cpy + Ttr
(early Oligocene-  quartz veins ng-gp]llcoari%g_(alss chloritization + Sph + Gn Qz + Ser + Chl
. 5 . L _—
Miocene?) Disseminations muscovite schist + Cal + Brt o
and aggregates in Py +C Thymiatis
hydrothermal y+-py (1995),
halos this study
. - Hem + Gt + Mal
+ Cpr + Cu

Abbreviations: Alt = altaite, Apy = arsenopyrite, Azr = azurite, Bi = native bismuth, Bnn = bournonite,
Boul = boulangerite, Bsn = bastnisite, Brt = barite, Brth = berthierite, Cal = calcite, Cct = chalcocite,

Chl = chlorite, Cob = cobaltite, Cos = cosalite, Cov = covellite, Cpr = cuprite, Cpy = chalcopyrite,
Cu = native copper, Elc = electrum, Fr = freibergite, Gt = goethite, Gn = galena, Hem = hematite,
Ilm = ilmenite, Jo = jordanite, Mag = magnetite, Mal = malachite, Pils = pilsenite, Po = pyrrhotite,
Py = pyrite, Qz = quartz, Rt = rutile, Ser = sericite, Sph = sphalerite, Ttn = titanite, Ttr = tetrahedrite,
UII = ullmenite, Wth = witherite, Xtm = xenotime.

The polymetallic massive veins (>80 wt.% of ore, <4 m in width, <600 m in
length) are locally discontinuous and form lenses reflecting the overprint of the D4
deformation phase (i.e. late Cretaceous-Eocene upper greenschist to retrograde low
greenschist facies metamorphism) on the textures of the mineralization. The
polymetallic quartz veins (<1m in width) are locally related to fault zones (Figure

6.2c). They are planar and continuous, exhibiting comb and brecciated textures
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(Figure 6.2d). Thymiatis (1995), based on drill core samples, mentions that the
polymetallic massive and quartz veins, reach a depth of 200 m, forming hydrothermal
halos and disseminations and aggregates of mineralization. The mineralization of the
polymetallic massive veins includes arsenopyrite, pyrite, chalcopyrite, sphalerite, and
minor tetrahedrite, galena, pyrrhotite, magnetite, ilmenite, rutile, cobaltite, altaite,
pilsenite, electrum and native bismuth (Thymiatis 1995, Voudouris et al. 2007, this
study, Table 6.1). The polymetallic quartz veins include pyrite, chalcopyrite,
tetrahedrite, sphalerite and galena (Table 6.1, Figure 6.3d-f). Pyrite and chalcopyrite

is found as disseminations and aggregates in the hydrothermal alteration halos.

Figure 6.2. Mineralization at Laodikino. a. Bulk biotite gneiss with magnetite (Mag) and

pyrite (Py). Euhedral pyrite is highlighted (white cycle). b. Quartz (Qz), magnetite
(Mag) and pyrite (Py) from a brecciated pod. ¢ A fault zone containing oxidized
polymetallic quartz veins. d. Pyrite (Py) and tetrahedrite (Ttr) rimmed by quartz (Qz)

in a brecciated polymetallic quartz vein. Calcite (Cal) is found in quartz interstices.
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Figure 6.3. Photomicrographs (plane reflected light) of the hypogene mineralization in the

pods (a-c) and in the polymetallic quartz veins (d-f). a. Euhedral pyrite (Py) and
magnetite (Mag) set in quartz (Qz). b. Euhedral pyrite (Py) and magnetite (Mag) with
minor chalcopyrite (Cpy) in interstices. c. Pyrite (Py) with inclusions of chalcopyrite
(Cpy). d. Pyrite (Py) with cataclastic texture cemented by chalcopyrite (Cpy) and
sphalerite (Sph). Chalcopyrite (Cpyl) and sphalerite (Sphl) are altered to chalcocite
(Cct) along cracks. e. Euhedral sphalerite (Sph) partly replaced by chalcocite (Cct)
and euhedral pyrite (Py), cemented by tetrahedrite (Ttr) and rimmed by quartz (Qz). f.
Pyrite (Py) with cataclastic texture being replaced by galena (Gn) and tetrahedrite
(Ttr) and cemented by chalcopyrite (Cpy).
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Quartz and calcite are found as gangue minerals in the polymetallic massive and
quartz veins. They are also found along with sericite and chlorite in hydrothermal
halos associated with sericitization and chloritization. The oxidized metallic
assemblage related to supergene processes forms encrustations and masses and
consists of hematite, goethite, malachite, azurite, chalcocite, covellite, cuprite and

native copper (Thymiatis 1995, this study, Table 6.1).

6.3. Analytical results

6.3.1. Bulk geochemical analysis

Eight surface mineralized samples from Laodikino were analyzed in order to
examine the critical and rare metals endowment. Two samples were from the
polymetallic quartz veins (LAO 08bi, LAO 08bii) and two were from the magnetite-
rich pods (LAO 08, LAO 08a). Additionally, four samples from the hydrothermally
altered and oxidized metamorphic rocks were also analyzed for background reference.
The sample LAO 06a is from a quartz vein with chlorite and Fe-oxides impregnations
related to the D2 deformation phase. The sample LAO 07 refers to a sericitically
altered pegmatite associated with the D3 deformation phase, while the samples LAO
10 and LAO 11 come from a sericitized two-mica gneiss with goethite and malachite
encrustations. Table 6.2 summarizes the critical and rare metals measured in the
analyzed samples.

The polymetallic quartz veins exhibit major enrichments in Ag (<2,433 ppm), Au
(<3 ppm), Bi (<83 ppm), Cd (<247 ppm), Hg (<187 ppm), In (<53 ppm), Sb (<70,500
ppm or 7.05 wt.%) and Se (<59 ppm, Table 6.2, Figure 6.4). In contrast, they are
depleted in Ga, Ge, Nb, Te, Th, V, W and REE with concentrations not exceeding 10
ppm (Table 6.2). The magnetite-rich pods are depleted in critical and rare metals with
distribution patterns similar to those of the hydrothermally altered and oxidized
metamorphic rocks (Table 6.2, Figure 6.4). Au (<0.06 ppm), Bi (<0.83 ppm), Ga (<11
ppm) and In (<0.15 ppm) are slightly more enriched than the background reference
(Table 6.2, Figure 6.4). The highest values of REE were analyzed in the samples from
the magnetite-rich pods (Table 6.2, Figure 6.4). Ce (<58 ppm), Gd (<6.8 ppm), La
(<30 ppm), Nd (<31 ppm) and Sm (<6.9 ppm), were the most enriched REE (Figure
6.4, Supplement 4: Table S1-3).
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Table 6.2. Bulk geochemical analyses of selected critical and rare metals from Laodikino. For
the full list of geochemical analyses advise Supplement 4, Table S1-3.

Mineralization stages

Metamorphic rocks

'r—:)(éskt Polymetallic quartz veins Magnetite-rich pods Q\;’;Ltz Pegmatite Two-mica gneiss
Alt. Sericitization Chloritization Chl. Ser. gfgéirgi(;zeaggﬂj:{}gn
ppm Illjnitlt LAO 08bi | LAO 08bii LAO 08 LAO 08a LAO 06a LAO 07 LAO 10 LAO 11
Ag 0.01 2,433 1,750 0.15 0.22 1.6 0.17 0.12 0.33
Au 5x10° 3 22 0.06 0.03 0.01 0.003 0.002 0.02
Bi 0.01 83 77 0.83 0.65 0.04 0.02 0.2 0.16
Cd 0.01 247 207 0.39 0.41 17 0.16 b.d.l 0.72
Ce 0.02 9 6.9 58 33 55 26 7.9 16
Co 0.1 166 81 11 8.5 43 21 0.47 1.9
Ga 0.05 1 12 11 8.5 43 21 0.47 1.9
Gd 0.05 14 13 6.8 47 0.95 3 0.28 2
Ge 0.05 0.16 0.29 0.3 0.23 0.15 b.d.l b.d.l 0.14
Hg 0.005 187 171 0.05 0.05 0.2 0.06 0.82 0.53
In 0.005 53 53 0.1 0.15 0.01 b.d.l 0.01 0.08
La 0.2 43 3.2 30 15 2.8 11 45 7.2
Nb 0.05 b.d.l 0.12 0.12 0.14 0.09 0.19 0.08 0.14
Nd 0.1 4.6 3.9 31 18 3 13 2.7 74
Re 0.001 b.d.l b.d.l 0.002 0.002 0.003 0.002 0.001 0.003
Sb 0.05 70,500 54,000 13 15 69 6.9 2.17 10
Se 0.2 24 59 0.8 0.5 b.d.l b.d.l b.d.l 13
Sm 0.03 13 11 6.9 4.3 0.76 2.8 0.44 1.8
Ta 0.01 b.d.l b.d.l 0.02 0.02 0.03 0.01 b.d.l b.d.l
Te 0.01 0.03 0.03 0.07 0.06 0.01 b.d.l b.d.l 0.33
Th 0.2 b.d.l 0.3 4.3 34 04 10 0.7 24
Ti 50 b.d.l b.d.l 0.02 0.01 0.02 0.01 b.d.l 0.01
U 0.05 11 0.74 15 0.87 1 1 0.09 35
\Y 1 10 4 35 46 10 3 b.d.l 10
w 0.05 b.d.l 0.26 84 123 400 127 207 325

Abbreviations: alt. = alteration, b.d.l. = below detection limit, Chl. = chloritization, Det. limit = detection limit,
Ser. = sericitization.

Pearson product-moment correlation coefficients and associated p-values were

calculated for the bulk geochemical analyses (Supplement 3: Table S4-2). Significant

positive correlations (p <0.01, values >0.852) were obtained for the following
elemental pairs: Ag-Au, Ag-Bi, Ag-Cd, Ag-Co, Ag-Hg, Ag-In, Ag-Sb, Au-Bi, Au-Cd,
Au-Co, Au-Hg, Au-In, Au-Sb, Bi-Cd, Bi-Co, Bi-Hg, Bi-In, Bi-Sb, Bi-Se, Cd-Co, Cd-
Hg, Cd-In, Cd-Sh, Cd-Se, Co-Hg, Co-In, Hg-In, Hg-Sb, Hg-Se, In-Sb, In-Se, Sb-Se,
Ce-Ga, Ce-Gd, Ce-La, Ce-Nd, Ce-Sm, Ga-Cd, Ga-La, Ga-Nd, Ga-Sm, Gd-La, Gd-Nd,
Gd-Nd, Gd-Sm, La-Nd, La-Sm, Nd-Sm, Re-Ti, Re-W, Ta-Ti and Te-U (Supplement

3: Table S4-2). Furthermore, positive correlations (p <0.05, values between 0.708 and
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0.826) were defined for the elemental pairs: Ag-Se, Au-Se, Co-Sh, Ce-V, Ga-Ti, Ga-
V, Gd-V, La-V, Nb-Th, Nd-V and Sm-V (Supplement 3: Table S4-2). Significant
negative correlations were not detected, while negative correlations (p <0.01, values
>-0.771) include the elemental pairs Ag-Re, Au-Re, Bi-Re, Cd-Re, Co-Nd, Hg-Re, In-
Re and Re-Sb (Supplement 3: Table S4-2).

1,000,000
—A— Magnetite-rich pod; LAO 08
—@— Magnetite-rich pod; LAO 08a
100,000 -@- Polymetallic quartz vein; LAO 08bi
-@- Polymetallic quartz vein; LAO 08bii
Hydrothermally
10,000 altered and oxidized
metamorphic rocks
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o
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5
a
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n
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0.001
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Figure 6.4. Upper continental crust (UCC) normalized logarithmic spider diagram of the four

mineralized samples presented in comparison to the plot area of the hydrothermally
altered and oxidized metamorphic rocks (UCC normalized values after Rudnick and
Gao 2003).

6.3.2. Pyrite and chalcopyrite - Mode of occurrence

Pyrite at Laodikino is a major mineral in the polymetallic quartz veins and in the
pods (Table 6.1). In the polymetallic quartz veins pyrite (Pyl) forms massive bands
(<1 cm in width) and exhibits wide cataclastic texture (Figure 6.2a, 6.3a,c, 6.5a).
Chalcopyrite, tetrahedrite, sphalerite and galena are intercalated between the pyrite
bands (Figure 6.3a-c). Rounded inclusions (<200 um in width) consisting of
chalcopyrite, galena, tetrahedrite, sphalerite and barite are found in pyrite (Figure
6.3c, 6.5a-d,f).
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Figure 6.5. SEM back-scattered electron images of pyrite from the polymetallic quartz veins
at Laodikino. a. Pyrite (Py1) with cataclastic texture containing tetrahedrite (Ttrl) and
sphalerite (Sph1) inclusions, and cemented by chalcopyrite (Cpy1). b. Euhedral pyrite
(Py1) with tetrahedrite (Ttrl) and galena (Gn) inclusions. c. Pyrite (Pyl) with galena
(Gn), tetrahedrite (Ttrl) and chalcopyrite (Cpyl) inclusions. d. Pyrite (Pyl) with
cataclastic texture, barite (Brt) and minor galena (Gn) inclusions. e. Massive
chalcopyrite (Cpyl) intercalated with pyrite (Pyl). Cracks in sphalerite (Sphl) are
filled with barite (Brt) and galena (Gn). f. Pyrite (Pyl) bears inclusions of
chalcopyrite (Cpyl) and galena (Gn).
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In the pods, pyrite (Py2) is found as subhedral to euhedral crystals (<1 mm in
width), as well as aggregates of euhedral grains (<5 mm in width), set in a calcite-
chlorite-quartz dominated matrix also hosting magnetite disseminations (<500 um in
width, Figure 6.3d, 6.6a). Locally, deformed aggregates consisting of subhedral to
euhedral pyrite (<50 um in width) fill the quartz-calcite intergranular space (Figure
6.6a). Pyrite (Py2) is overgrown by chalcopyrite (Figure 6.3e), and contains euhedral
inclusions of magnetite (<80 um in width), prismatic rutile-ilmenite intergrowths
(<200 pum in width), prismatic arsenopyrite (<50 um in width), and replacements of
chalcopyrite and galena (<100 pm in width, Figure 6.6b,c). The rutile-ilmenite
intergrowths are characterized by eroded rims and host xenotime inclusions, while in
their periphery bastnisite is found (Figure 6.6d).

Chalcopyrite (Cpyl) is the second most abundant sulfide mineral in the
polymetallic quartz veins. It is intergrown with tetrahedrite, galena and sphalerite
(Figure 6.3a-c, 6.5a,c). It mostly appears massive, cementing pyrite bands and also, in
some cases, sphalerite. Locally, it is slightly altered to covellite (Figure 6.5¢). It also
occurs as rounded inclusions in pyrite (<200 pum in width), locally along with
tetrahedrite and galena (Figure 6.5c,f). In the magnetite-rich pods, chalcopyrite
(Cpy2) occurs as inclusions (<100 pm in width) in pyrite veinlets, along the

cataclastic texture of pyrite, as well as overgrowths on pyrite (Figure 6.6b,c).

6.3.3. Sphalerite and tetrahedrite - Mode of occurrence

Sphalerite (Sphl) in the polymetallic quartz veins occurs as subhedral to euhedral
inclusions (<400 pum in width), replaced by chalcocite along cracks and cemented by
chalcopyrite or tetrahedrite (Figure 6.3a,b). It also appears as rounded inclusions
(<200 pum in width) in pyrite (Figure 6.5a).

In the polymetallic quartz veins, tetrahedrite (Ttrl) abundance follows
chalcopyrite. It occurs in bands cementing sphalerite grains (Figure 6.3b). Massive
tetrahedrite is fragmented and is replaced by chalcocite along cracks (Figure 6.3b).
Tetrahedrite forms rounded inclusions (<200 pm) in pyrite, locally along with

chalcopyrite and galena (Figure 6.3c, 6.5b,c).
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Figure 6.6. SEM back-scattered electron images of pyrite and chalcopyrite from the pods. a.
Pyrite (Py2) as grains and in deformed aggregates in a calcite-chlorite-quartz matrix.
Magnetite (Magl) is also found. b. Pyrite (Py2) exhibiting cataclastic texture hosting
chalcopyrite (Cpy2) and arsenopyrite (Apy) inclusions. c. Euhedral pyrite (Py2)
grains with galena inclusions (white cycles), chalcopyrite (Cpy2) as overgrowths, and
fine grained magnetite (Magl). d. Rutile (Rt)-ilmenite (Ilm) intergrowths hosting
xenotime (Xtm) in pyrite (Py2).

6.3.4. Magnetite - Mode of occurrence

Magnetite (Magl) is widespread in the pods (Figure 6.3d,e). It occurs as subhedral
to euhedral grains (<500 um in width) with cataclastic textures, and as fine-grained
disseminations (<200 um in width) in the calcite-chlorite-quartz matrix (Figure 6.6a,c,
6.7a). The large euhedral grains locally contain ilmenite and chalcopyrite (Cpy2)
inclusions (<20 um in width, Figure 6.7b). The fine-grained disseminations are

optically homogeneous, without any silicate or sulfide inclusions.
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Figure 6.7b;
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Figure 6.7. SEM back-scattered electron images of magnetite from the pods. a. Euhedral

magnetite (Magl) and pyrite (Py2) with cataclastic textures. b. Chalcopyrite (Cpy2)

and ilmenite (1lm) inclusions in magnetite (Magl).

6.3.5. Critical and rare metals in pyrite and chalcopyrite (LA-ICP-MS)

Pyrite (Py1) in the polymetallic quartz veins exhibits weaker enrichment in critical

and rare metals in respect to pyrite (Py2) hosted in the pods (Table 6.3, Figure 6.8a).

The complete analytical dataset for pyrite is given in Supplement 2 (Table S3-6).

Table 6.3. LA-ICP-MS analyses of pyrite from the polymetallic quartz veins and the pods at
Laodikino. For the full dataset, see Supplement 2, Tables S3-6.

Host rock

Two-mica gneiss and schist

Biotite gneiss

Alteration

Sericitization

Chloritization

Mineralization style

Py1, Polymetallic

Py2, Magnetite-rich

quartz veins (n = 10) pods (n = 24)
ST ST
Element MIN | MAX DEV AVG | MIN | MAX DEV AVG
ppm
Ag b.dl bdl na na. 047 30 75 4.6
As 76 593 190 307 11 41,077 10,458 6,545
Au b.dl bdl na na. 052 21 8 9.0
Bi b.dl bdl na na. 037 35 1 1.2
Co 053 4,030 1505 734 52 2493 532 306
Cr b.dl bdl na. na. bdl bdl na n.a.
Cu 17 8.1 45 4.9 1.8 27 9 9
Hg bdl. bdl na na bdl bdl na na
In b.dl bdl na. n.a. 12 17 8 75
Mn 29 56 077 45 4.1 25 53 7.3
Mo 22 22 n.a. 22 bdl bdl na n.a
Ni 31 464 147 202 4 1,000 223 145
Pb 021 057 018 039 072 48 15 2
Sh 056 18 062 11 059 29 12 16
Se 9.3 35 7.1 19 53 126 37 45
Sn b.dl bdl na n.a. 1 9.3 5.8 5.2
Te b.dl bdl na n.a. 4 46 046 43
Ti 11 20 2.7 16 9.1 25 4.4 14
TI b.dl bdl na na. 025 34 2.2 18
\Y 027 027 na 027 bdl bdl na n.a.
" b.dl bdl na. n.a. 3.9 3.9 n.a. 3.9
Zn b.dl bdl na n.a. 4.5 4.5 n.a. 4.5

Abbreviations: AVG = average value, b.d.l. = below detection limit, MIN = minimum value, MAX = maximum
value, n = number of analyses, n.a. = not analyzed, STDEV = standard deviation.
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Figure 6.8. Average values of critical and rare metals concentrations of pyrite (a) and
chalcopyrite (b) from the polymetallic quartz veins and the magnetite-rich pods.

Local enrichments related to nano-scale mineral inclusions are excluded.

In Pyl, base metals (As, Cu, Mn, Mo, Ni, Pb) and a restricted number of critical
and rare metals (Co, Sb, Se, Ti, V) were measured (Table 6.3). Co (<4,030 ppm) is
the most enriched trace element and is followed by Se (<35 ppm), Ti (<20 ppm), Sb
(<1.8 ppm) and V (<0.27 ppm) (Table 6.3, Figure 6.8a). Pyrite (Py2), is characterized
by slightly more enriched profiles in base (As, Cu, Mn, Ni, Pb, Sn), critical and rare
metals (Table 6.3, Figure 6.8a). Critical and rare metals include Co (<2,493 ppm), Se
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(<126 ppm), Ag (<30 ppm), Sb (<29 ppm), Ti (<25 ppm), Au (<21 ppm), In (<17
ppm), Te (<4.6 ppm), W (<3.9 ppm) and Bi (<3.5 ppm) (Table 6.3, Figure 6.8a).

Trace elements related to nano-scale mineral inclusions were not measured in Pyl.
In Py2, base metals related to nano-scale mineral inclusions include Cu (<7,943 ppm),
Pb (<190 ppm), Sn (<0.78 ppm) and Zn (<1,747 ppm) (Supplement 2: Table S3-6).
Critical and rare metals related to nano-scale mineral inclusions comprise: Sb (<293
ppm), Bi (<173 ppm), Ag (<13 ppm) and In (<7 ppm) (Supplement 2: Table S3-6).

Chalcopyrite (Cpyl) from the polymetallic quartz veins includes weaker
enrichments in trace elements than Cpy2 from the magnetite-rich pods (Table 6.4,
Figure 6.8b). The more enriched base metals include Pb, Sn and Zn (Table 6.4). Rare
metals include Ag (<51 ppm), Au (<0.77 ppm), Bi (<3.6 ppm), Cd (<6.1 ppm), Co
(<0.89 ppm), Ga (<1.8 ppm), Ge (<3.9 ppm), In (<51 ppm), Sb (<1.8 ppm), Se (<109
ppm) and Ti (<22 ppm) (Table 6.4, Figure 6.8b).

Table 6.4. LA-ICP-MS analyses of chalcopyrite from the polymetallic quartz veins and the
pods at Laodikino. Advise also Supplement 2, Table S3-7.

Host rock Two-mica gneiss and schist Biotite gneiss
Alteration Sericitization Chloritization
. - Cpyl, Polymetallic Cpy2, Magnetite-rich
Mineralization style quartz veins (n = 10) pods (n =5)
ST ST
Element MIN | MAX DEV AVG | MIN | MAX DEV AVG
ppm
Ag 8.6 243 73 49 40 51 4.6 46
As 6.8 10 14 88 bdl bdl na n.a.
Au 0.78 29 0.9 16 077 077 na 077
Bi 045 7.6 2.2 28 040 36 1.3 1.7
Cd 3.7 53 071 47 5 6.1 078 55
Co b.dl bdl na na. 089 089 na 089
Cr b.dl bdl na na. bdl bdl na n.a.
Ga b.dl bdl na n.a. 1.8 1.8 n.a. 18
Ge b.dl bdl na n.a. 3.9 3.9 n.a. 3.9
Hg 043 438 1.4 1.7 bdl bdl na na
In 191 277 31 238 41 51 4 44
Mn 2.3 5.9 1.2 3.6 3.4 3.4 n.a. 3.4
Mo b.dl bdl na na bdl bdl na n.a.
Ni 5 5 n.a. 5 8 8 n.a. 8
Pb 7 68 27 30 083 35 15 8.6
Sh 8.8 76 27 56 1.8 1.8 n.a. 1.8
Se 19 45 8 37 90 109 1.7 96
Sn 51 62 2.9 55 36 48 5.7 43
Te b.dl bdl na na bdl bdl na n.a.
Ti 10 18 25 13 11 22 5.9 15
TI 065 19 068 11 bdl bdl na n.a.
\Y b.dl bdl na na bdl bdl na n.a.
W b.dl bdl na na bdl bdl na n.a.
Zn 152 284 43 224 41 95 20 61
Cd:Zn 0.02 002 na 0.02 na. n.a. n.a. n.a.

Abbreviations: AVG = average value, b.d.l. = below detection limit, MIN = minimum value, MAX = maximum
value, n = number of analyses, STDEV = standard deviation.

Trace elements in Cpyl include the base metals As, Ni, Pb, Sn and Zn, and several

rare metals (Table 6.4). The most enriched rare metal is In (<277 ppm), and it is
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followed by Ag (<243 ppm), Sb (<76 ppm), Se (<45 ppm), Ti (<18 ppm), Bi (<7.6
ppm), Cd (<5.3 ppm) and Au (<2.9 ppm) (Table 6.4, Figure 6.8b).

Nano-scale mineral inclusions in chalcopyrite (Cpyl) are associated mainly with
Pb and Sb. Pb attributed to mineral inclusions reach 492 ppm, while Sb is up to 469
ppm (Supplement 2: Table S3-7). Arsenic (<168 ppm) and Zn (<77 ppm) were also
measured and are attributed to nano-inclusions (Supplement 2: Table S3-7). In Cpy2,
concentrations of base and critical metals related to nano-scale mineral inclusions

were not measured.

6.3.6. Critical and rare metals in sphalerite and tetrahedrite (LA-ICP-MS)
Sphalerite (Sphl) and tetrahedrite (Ttrl) from the polymetallic quartz veins are

characterized by moderate enrichments in trace elements, including base, critical and
rare metals (Table 6.5, Figure 6.9a,b). The complete analytical datasets for sphalerite

and tetrahedrite are given in Supplement 2 (Table S3-8,9).

Table 6.5. LA-ICP-MS analyses of sphalerite and tetrahedrite from the polymetallic quartz
veins at Laodikino. Advise also Supplement 2, Table S3-8,9.

Mineral Sphalerite | Tetrahedrite

Host rock Two-mica gneiss and schist

Alteration Sericitization

. - Sph1, Polymetallic Ttrl, Polymetallic
Mineralization style quartz veins (n = 10) quartz veins (n = 10)

Element MIN | MAX [STDEV] AVG | MIN | MAX [STDEV] AVG
ppm
Ag 0.84 54 23 13 5649 7,185 495 6,239
As 6 9.2 22 7.6 28,968 41510 3,979 34,721
Au bd.l  b.dl n.a. n.a. 055 083 019 0.69
Bi b.dl  b.d.l n.a. n.a. 222 320 39 267
Cd 2,198 2,676 182 2,429 443 669 74 512
Co 046 088 023 061 029 079 025 051
Cr bd.l  b.dl n.a. na.  bdl bdl - -
Ga b.dl  b.d.l n.a. n.a. 059 0.73 0.1 0.66
Ge 1.7 1.7 n.a. 1.7 2 33 0.53 25
Hg 99 182 25 152 54 98 12 72
In 289 630 141 416 14 18 13 16
Mn 217 393 48 271 21 45 10 34
Mo b.dl  b.d.l n.a. n.a. b.dl  bd.l - -
Ni 1.63 1.63 n.a. 1.63 2.6 2.6 - 26
Pb 3 6 21 45 1.3 121 39 27
Sh 0.49 30 16 12 234,400 277,613 14,411 255,615
Se 9.3 56 14 30 84 109 75 97
Sn 034 084 035 059 069 078 006 0.73
Te b.dl  b.d.l n.a. n.a. b.dl  bd.l - -
Ti 34 8.8 19 6 5.1 13 2.7 7.7
Tl bdl bdl na n.a. 025 052 012 035
\% 049 049 n.a. 049 027 0.27 - 0.27
W bdl bdl na na.  bdl bdl - -
Zn 640,400 645,500 2,464 643,970 49,924 63,501 4,400 57,164

Cd:Zn 0.003 0.004 0.001 0.0035 n.a. n.a. n.a. n.a.

Abbreviations: AVG = average value, b.d.l. = below detection limit, MIN = minimum value, MAX = maximum
value, n = number of analyses, STDEV = standard deviation.
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Trace elements in sphalerite (Sphl) include the base metals As, Cu, Fe, Mn, Ni
and Sn (Table 6.5, Supplement 2: Table S3-8). Cd is the most enriched rare metal in
Sphl reaching 2,676 ppm, and is followed by In (<630 ppm), Hg (<182 ppm), Se
(<56 ppm), Ag (<54 ppm), Sb (<30 ppm), Ti (<8.8 ppm), Ge (<1.7 ppm), Co (<0.88
ppm) and V (<0.49 ppm) (Table 6.5, Figure 6.9a).

Tetrahedrite (Ttrl) from the polymetallic quartz veins contains varying
concentrations of base metals including As, Cu, Fe, Mn, Ni, Pb, Sn and Zn (Table 6.5,
Supplement 2: Table S3-9). Critical and rare metals in Ttrl comprise Sb (<277,613
ppm), Ag (<7,185 ppm), Cd (<669 ppm), Bi (<320 ppm), Se (<109 ppm), Hg (<98
ppm), In (<18 ppm), Ti (<13 ppm), Ge (<3.3 ppm), Au (<0.83 ppm), Co (<0.79 ppm),
Ga (<0.73 ppm) and V (<0.27 ppm) (Table 6.5, Figure 6.9b).

Nano-scale mineral inclusions in sphalerite (Sphl) are related to Cu (<29,474
ppm), Pb (<6,678 ppm) and As (<1,605 ppm), as well as to critical and rare metals
including Sb (<1,369 ppm), Ag (<814 ppm) and Bi (<3.3 ppm) (Supplement 2: Table
S3-8). In tetrahedrite (Ttrl), concentrations of trace elements related to nano-scale

mineral inclusions were not detected.

6.3.7. Critical and rare metals in magnetite (LA-ICP-MS)

Magnetite (Magl) hosts several base metals and a limited number of critical and
rare metals. The full analytical dataset is given in Supplement 2 (Table S3-10). Base
metals in Magl include Cr, Cu, Mn, Mo, Ni, Pb and Zn (Table 6.6, Supplement 2:
Table S3-10). The most enriched rare metal is V (<586 ppm), followed by Ti (<303
ppm), Ga (<14 ppm), Ge (<5.2 ppm), Co (<3.1 ppm), Ce (<0.52 ppm), Th (<0.19
ppm) and La (<0.12 ppm) (Table 6.6, Figure 6.10). Trace elements concentrations

related to nanoparticles were not detected in magnetite (Mag1l).

6.3.8. Statistical analysis of trace elements concentrations

Pearson product-moment correlation coefficients for pyrite, chalcopyrite,
sphalerite, tetrahedrite and magnetite were calculated for Laodikino. Based on data
reduction and ablation patterns, trace element concentrations related to nano-scale
mineral inclusions or nanoparticles were excluded before the statistical analyses. In
pyrite, correlation coefficients are characterized by significant positive correlations (p
<0.01, value >0.549) defined for the elemental pairs Ag-In and Bi-Se (Supplement 3:

Table S4-10). Negative correlations were not obtained.
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Figure 6.9. Average values of critical and rare metals concentrations of sphalerite (a) and
tetrahedrite (b) from the polymetallic quartz veins. Local enrichments related to nano-

scale mineral inclusions are excluded.

Chalcopyrite is characterized by significant positive correlations (p <0.01, value
>0.839) for the elemental pair Au-Hg, and by positive correlations (p <0.05, value
>0.609) for the elemental pairs Au-In and Hg-In (Supplement 3: Table S4-11).
Significant negative correlations were defined for the elemental pairs Co-Ga and In-
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Se (p <0.01, value >-0.945), while negative correlation (p <0.05, value >-0.578) was

determined for the elemental pair Au-Se (Supplement 3: Table S4-11).

Table 6.6. LA-ICP-MS analyses of magnetite from the magnetite-rich pods at Laodikino. For
the full dataset, see Supplement 2, Tables S3-5.

Host rock Biotite gneiss
Alteration Chloritization
Mineralization style Mag1, Magnetite-rich pods (n = 10)

Element MIN [ MAX [STDEV] AVG Element MIN [ MAX [STDEV] AVG
ppm ppm
Ag b.d.l.  bd.l n.a. n.a. Nd b.d.l  bd.l n.a. n.a.
Al 123 1,176 305 333 Ni 31 92 21 62
As b.d.l  bd.l n.a. n.a. P 46 46 n.a. 46
Au b.dl  bd.l n.a. n.a. Pb 0.96 5.1 2.2 2.7
Bi b.dl  bd.l n.a. n.a. Re b.dl  bd.lL n.a. n.a.
Cd b.d.l  bd.l n.a. n.a. Sh b.d.l  bd.l n.a. n.a.
Ce 0.15 0.52 0.26 0.34 Se b.d.l  bd.l n.a. n.a.
Co 1.7 3.1 0.50 2.3 Sm b.dl  bd.lL n.a. n.a.
Cr 46 208 114 127 Sn b.d.l  bd.l n.a. n.a.
Cu 52 54 1.6 53 Te b.d.l  bd.l n.a. n.a.
Ga 6.5 14 2.2 10 Ti 135 303 51 183
Gd b.d.l  bd.l n.a. n.a. Th 0.19 0.19 n.a. 0.19
Ge 52 5.2 n.a. 5.2 TI 0.63 0.63 n.a. 0.63
In b.dl  bd.l n.a. n.a. U b.dl  bd.lL n.a. n.a.
La 0.12 0.12 n.a. 0.12 \Y 424 586 65 497
Mn 546 977 158 741 w b.d.l  bd.l n.a. n.a.
Mo 2.9 2.9 n.a. 2.9 Zn 25 59 10 41
Nb b.dl bd.l n.a. n.a.

Abbreviations: AVG = average value, b.d.l. = below detection limit, MIN = minimum value, MAX = maximum

value, n = number of analyses, STDEV = standard deviation.
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Figure 6.10. Average values of critical and rare metals concentrations of magnetite from the

magnetite-rich pods.

Pearson product-moment correlation coefficients for

sphalerite,

revealed

significant positive correlations (p <0.01, value >0.827) for the elemental pairs Ag-
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Sb, Ag-V, Cd-In, Cd-Se and Sb-V (Supplement 3: Table S4-12). Positive correlations
(p <0.05, value >0.638) were determined for the pairs Bi-Te, Cd-Hg, Cd-Ti, In-Se and
In-Ti (Supplement 3: Table S4-12). Significant negative correlations (p <0.01, value =
-0.918), are ascribed to the elemental pair Ga-Te. Additionally, negative correlations
(p <0.05, value >-0.692) are related to the pairs Bi-Ga, Bi-Nb, Nb-Te and Te-W
(Supplement 3: Table S4-12).

Significant positive correlations (p <0.01, value >0.769) in tetrahedrite were
detected for the pairs Bi-Hg, Cd-Ga, Cd-In, Cd-Sb, Ga-Hg, Ga-In and In-Sb
(Supplement 3: Table S4-13). Furthermore, positive correlations (p <0.05, value
>0.644) were obtained for the elemental pairs Ag-In, Ag-Sb, Bi-Cd, Bi-Ga and Cd-Hg
(Supplement 3: Table S4-13). Significant negative correlations (p <0.01, value >-
0.797) include the elemental pair Au-V and Bi-Co, while negative correlations (p
<0.05, value >-0.723) are defined for the pairs Co-Hg and Hg-Ti (Supplement 3:
Table S4-13). Pearson product-moment correlation coefficients for magnetite were
only defined for the elemental pair La-Th (significant positive correlations: p <0.01,
value = 1.000, Supplement 3: Table S4-14).

6.4. Discussion

Five mineralization styles occur at Laodikino (Table 6.1). Although
geochronological data are missing, the interpretation of structural data could suggest
that two mineralization styles are of pre-Cenozoic age, and 3 were formed during
Cenozoic. Thus, it is suggested here that the massive and banded (stratiform-like)
mineralization is of middle to late Triassic, the magnetite-rich pods are of pre-
Cenozoic to early Cenozoic age, whereas the polymetallic massive and quartz veins,
and the disseminations and aggregates in hydrothermal halos are of Cenozoic age
(Kougoulis et al. 1990, Thymiatis 1995, this study, Table 6.1).

The massive and banded (stratiform-like) mineralization hosted in quartz and
calcite schists shares similar textural characteristics with the barite mineralization
described by Kougoulis et al. (1990). In addition, the alteration assemblage comprises
barite, witherite, as well as chlorite, quartz and calcite (Table 6.1). It is suggested that
both mineralizations are genetically associated and that are products of fumarolic
activity related to submarine volcanism (VMS-style mineralization) (Kougoulis et al.
1990, Thymiatis 1995). This volcanism is characterized by island-arc mafic affinities

and is ascribed to the rifting of the SMM during middle to late Triassic (Kougoulis et
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al. 1990, Asvesta 1992). Thymiatis (1995) determined that the massive and banded
(stratiform-like) mineralization equilibrated in temperatures below 400 °C.

The mineralized pods found in biotite gneiss are enriched in magnetite, followed
by pyrite, chalcopyrite, rutile, ilmenite, and traces of galena, arsenopyrite, xenotime
and bastnésite (Table 6.1). Bulk geochemical analyses showed values close to those of
the background hydrothermally altered and oxidized metamorphic rocks (Table 6.2,
Figure 6.4).

The textural and mineralogical observations suggest that magnetite (Magl) was
formed first in the pods. It is subhedral to euhedral, forms aggregates with cataclastic
texture, and overall is free of inclusions. These characteristics, coupled with the
depleted (<1,000 ppm in average, Figure 6.5) geochemical profile in Al, Cr, Ti and V,
could suggest that magnetite is metamorphic in origin (after Deditious et al. 2018).
The biotite gneiss could be the source of iron, while the restricted and minor ilmenite
and chalcopyrite inclusions (<20 pm in width) in magnetite could indicate
recrystallization. Furthermore, the fine-grained, subhedral to euhedral magnetite
(<200 um in width) set in the calcite-chlorite-quartz matrix, exhibiting no inclusions
or pressure shadows, support that its formation was not followed by any kinematic
process related to the deformation of the biotite gneiss.

Textural characteristics for pyrite (Py2) suggest that it was formed after magnetite,
and was subjected to recrystallization during regional metamorphism (Figure 6.3d,e,
6.6a-c). Recrystallization is related to the growth of euhedral pyrite crystals and of
aggregates of euhedral pyrite forming porphyroblasts (Figure 6.2b). Mineral
inclusions found in pyrite vary between grains, while are absent from the fine pyrite
grains (Figure 6.6¢c). Euhedral magnetite, and prismatic rutile-ilmenite and
arsenopyrite inclusions may be related to pyrite recrystallization and overgrowth
(Figure 6.6b,d). Galena inclusions occurring in the central parts of the pyrite grains
may be related to pyrite recrystallization and expulsion of lead (Figure 6.6c).
Chalcopyrite (Cpy2) is not related to mineral inclusions and forms overgrowths on
pyrite, suggesting that it was deposited after magnetite (Magl) and pyrite (Py2)
(Figure 6.3f, 6.6b,c).

Both pyrite (Py2) and chalcopyrite (Cpy2) host critical and rare metals (Tables
6.3, 6.4, Figure 6.8a,b). During pyrite recrystallization under amphibolite or
greenschist facies metamorphism, the structurally compatible As, Co, Ni, Sh, Se and
TI, are not expelled from pyrite structure due to its refractory character (Conn et al.
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2019). Expulsion of structurally compatible Ag, Au, Bi, Cu, Mo and Pb, as well as
exsolution of mineral inclusions has been described for recrystallized pyrite resulting
in the formation of sulfides, sulfosalts and native gold (George et al. 2018, Conn et al.
2019). This remobilization is restricted in space and usually does not exceeds few
meters in length with the new minerals being deposited along pyrite boundaries, in
fractures and rock interstices, as well as in veins (Marshall et al. 2000, Conn et al.
2019). In Py2, copper contents are depleted (9 ppm in average), while Ag, In and Se
are more enriched in Cpy2. Thus, a restricted Cu remobilization during
metamorphism could be associated with chalcopyrite precipitation in the magnetite-
rich pods. Nevertheless, the deposition mechanism of chalcopyrite needs further
investigation.

The rutile-ilmenite intergrowths are commonly related to replacement of rutile by
ilmenite under acid-leaching and low temperatures approximately at 150 °C (Janssen
et al. 2010). In addition, the replacement of Nb-rutile by ilmenite is related to Nb and
REE(Y) exsolutions in Ditrau alkaline intrusive complex (Hirtopanu et al. 2014). In
the magnetite-rich pods, the rutile-ilmenite intergrowths are found in pyrite, they have
eroded rims and host xenotime (Figure 6.6d). In their periphery bastnésite is found.
Xenotime (YPQO,) and bastnisite ((La, Ce, Y)CO3F) are major carriers of REE, while
xenotime may also host Th and U (Kositcin et al. 2003, Berger et al. 2008). The
enrichments in Ce, Gd, La, Nd and Sm measured in bulk samples from the magnetite-
rich pods should be ascribed to xenotime and bastndsite occurrence (Figure 6.4,
Supplement 4: Table S1-3). A preliminary examination by means of SEM-EDS
highlighted the absence of Nb and REE(Y) in rutile. Although, as the chemical
composition of rutile needs further investigation by means of LA-ICP-MS, the
formation of bastnisite during hydrothermal alteration of rutile could not be excluded.
In xenotime, dysprosium was the only REE detected. Thus, following suggestions
made by Kositcin et al. (2003) the diagenetic origin of xenotime could be supported.

The hydrothermal polymetallic mineralization was formed in the two-mica gneiss,
the chlorite-muscovite schists and in quartz veins in the Profitis, Lipsidri and
Laodikino-Fanari areas (Thymiatis 1995, Voudouris et al. 2007). The mineralization
is shear-zone related and includes polymetallic massive (~ 4 m in width) and quartz
(<1 m in width) veins showing comb and brecciated textures, reaching 200 m in depth
and developing minor hydrothermal halos (Thymiatis 1995).
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Structurally the polymetallic massive and quartz veins share characteristics
reflecting the imprint of the regional tectonics to the mineralization formation. In
addition, regional metamorphism also affected the polymetallic massive veins.
Thymiatis (1995), applying sphalerite and arsenopyrite geobarometry suggested that
the polymetallic massive veins equilibrated in retrograde greenschist facies, at
temperatures between 350 and 450 °C and at pressures ranging between 4.5 and 7.5
kbar. According to Kilias et al. (1999), the retrograde greenschist facies of the SMM
developed between Eocene and early Oligocene. This metamorphic event is
concurrent with the Eocene ductile deformation of the SMM, which was succeeded
during early Oligocene by brittle deformation (Kilias et al. 1999).

The NW-trending faults correspond to the older brittle structures related to the
fracturing of Vertiskos Unit (early Oligocene, Kilias et al. 1999). They are suggested
as the kinematic link between ductile shearing (lower crust) and brittle faulting (upper
crust) (Kilias et al. 1999), and probably it could have also favored the emplacement of
the massive polymetallic veins. The conjugate NE-SW-trending normal to oblique and
the N-S-trending strike-slip faults were developed during Oligocene-Miocene and
enhanced fluid circulation (Kilias et al. 1999). The polymetallic quartz veins,
exhibiting steeper angles than the polymetallic massive veins, may be related to the
later stages of brittle faulting resulting in high-angle normal faults (Miocene to
Pliocene, Kilias et al. 1999).

The polymetallic massive veins exhibit a rich mineral assemblage including base
metal sulfides, tellurides (altaite), sulfosalts (tetrahedrite, altaite), electrum and native
bismuth. According to Thymiatis (1995) and Voudouris et al. (2007) arsenopyrite and
pyrite were first deposited in the polymetallic massive veins, while Cu, Zn and Pb
along with Bi, Te and Au were introduced to the system during a later brecciating
event.

In the polymetallic quartz veins, tetrahedrite is the only sulfosalt mineral, whereas
tellurides and electrum are missing (Table 6.1). Pyrite (Pyl) appears in massive bands
exhibiting wide cataclastic textures (Figure 6.2a, 6.3a,c), while inclusions (<200 um
in width) of chalcopyrite, galena, tetrahedrite, sphalerite and barite are found in Pyl
(Figure 6.3a-c, 6.5a-d,f). The shape and the occurrence of these inclusions could
affiliate their presence to replacement of Pyl. Most of the replacements include
tetrahedrite and galena or exclusively galena (Figure 6.3c, 6.5b). Replacements
comprising chalcopyrite-tetrahedrite-galena, chalcopyrite-galena, and exclusively
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sphalerite or barite exhibit a more restricted occurrence (Figure 6.5a,c,d,f). In
addition, euhedral sphalerite (Sph1) cemented by tetrahedrite (Ttrl) indicates the late
deposition of tetrahedrite (Figure 6.3b).

The bulk geochemical analyses of the polymetallic quartz veins revealed
enrichments in Ag (<2,433 ppm), followed by Cd (<247 ppm), Hg (<187 ppm), Bi
(<83 ppm), Se (<59 ppm), In (<53 ppm) and Au (<3 ppm) (Figure 6.4). Sb abundance
(<70,500 ppm or 7.05 wt.%, Table 6.2) is ascribed to tetrahedrite. Furthermore,
antimony is significantly correlated with Ag, Cd, Hg, Bi, Se and In (Supplement 3:
Table S4-2).

Mineral chemistry showed that tetrahedrite (Ttrl) is a major host of Ag (<7,185
ppm), Bi (<320 ppm), Sb (<277,163 ppm) and Se (<109 ppm), sphalerite (Sphl)
accommodates Cd (<2,676 ppm), Hg (<182 ppm) and In (<630 ppm), and
chalcopyrite (Cpyl) comprises up to 2.9 ppm Au (Table 6.4, 6.5). Sphalerite is more
enriched in Co and In, relatively to Ga, Ge, Hg and Sn, suggesting that it was formed
in temperatures ascribed to mesothermal (T = 300-200 °C, Pohl 2011) rather than to
epithermal (T < 200 °C, Pohl 2011) mineralizing stages (after Cook et al. 2009). The
Cd:Zn ratio in chalcopyrite is 0.02, while in sphalerite varies from 0.03 to 0.04
(Tables 6.4, 6.5). In addition, Ag, Bi, Cd, Hg, In, Sb and Se exhibit positive
correlations in tetrahedrite and sphalerite (Supplement 3: Table S4-12,13). In contrast,
pyrite is enriched in Co (<4,030 ppm), bears minor concentrations of Sb (<1.8 ppm)
and Se (<35 ppm), and is depleted in Ag, Au, Bi, Hg and In (Table 6.3). Noteworthy
is the overall depletion in Te in the analyzed pyrite, chalcopyrite, sphalerite and
tetrahedrite from the polymetallic quartz veins (Figure 6.8a,b, 6.9a,b). According to
George et al. (2015), galena could host Te in oscillatory and sector compositional
zoning and in nano-scale mineral inclusions (e.g. altaite). Although the mineral
chemistry of galena was not investigated in this study, the absence of other metallic
minerals could ascribe the Te (<0.03 ppm) contents in the polymetallic quartz veins to
galena (Table 6.2).

Consequently, following the classification of hydrothermal deposits proposed by
Gebre-Mariam et al. (1995) and the suggestions made after Cook et al. (2009) on
sphalerite chemistry, the polymetallic quartz veins at Laodikino were formed at
epizonal conditions (T = 150-300 °C, 0.5-1.5 kbar, <6 km depth). Pyrite enveloped by
quartz was first deposited by mineralizing fluids enriched in Co and depleted in
critical and rare metals (Figure 6.8a). Brittle deformation and pyrite cataclasis
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followed introducing mineralizing fluids enriched in Cu, Zn and Pb, as well as in
several critical and rare metals including Ag, Au, Bi, Cd, Hg, In, Sb and Se. Cd, Hg
and In, were first preferentially precipitated along with Zn to form subhedral to
euhedral sphalerite. George et al. (2018) suggested that co-crystallizing chalcopyrite
and sphalerite are characterized by typically equal Cd:Zn ratios. The distinct
differences in Cd:Zncpy and Cd:Zngp, further support the argument that sphalerite was
formed before chalcopyrite. Gold precipitated in massive chalcopyrite, while Ag, Bi
and Se became more enriched in the residual mineralizing fluids and precipitated in
tetrahedrite. The mineralizing process was terminated with the tetrahedrite and galena
deposition.

The occurrence of cobaltite, altaite, pilsenite, electrum and native bismuth in the
polymetallic massive veins suggests higher enrichments in Au, Bi, Co and Te for the
mineralizing fluids. In contrary, the mineralizing fluids associated with the
polymetallic quartz veins were significantly enriched in Ag. The polymetallic mineral
assemblages at Laodikino share common characteristics in terms of geochemistry
(enrichments in Ag-Au-Bi-Cd-Co-Hg-In-Se-Te), host rocks, and structural control
with other Cu-Fe-As-Zn-Pb-Sb intrusion-related deposits located in the SMM (e.g.
Stanos, Nea Madytos, Koronouda, Drakontio, Melfos and Voudouris 2017).
According to Bristol et al. (2015), the ore mineralization in these ore deposits was
formed during shearing at the upper greenschist-lower amphibolite facies
metamorphism, appears to be genetically linked to distal or proximal buried
intrusions, and to extension-related shear zones. This study suggests that similar
conditions occurred also at Laodikino during Cenozoic and probably between Eocene
and Miocene.

6.4.1. Mineral chemistry of pyrite and chalcopyrite and nano-scale inclusions

The interpretation of the scanning electron microscopy and laser ablation ICP-MS
analyses indicate that specific minerals occur as nano-inclusions in pyrite and
chalcopyrite at Laodikino (Figure 6.11a-b). Base metals including As, Cu, Mn, Mo,
Ni and Pb are found in both Pyl and Py2 incorporated in crystal lattice. In Py2, base
metals are slightly more enriched (Table 6.3). In addition, Pyl is less enriched in
critical and rare metals in respect to Py2 (Figure 6.8a). Co Sh, Se, Ti and V, are the
critical and rare metals found in Pyl and their distribution patterns suggest that they
are incorporated as stoichiometric substitutions (Co, Sb, Se) or as nanoparticles (Ti,
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V) in distorted areas of the pyrite lattice. Nano-scale mineral inclusions were not
detected in pyrite (Pyl). In Py2, Ag, Au, Bi, Co, In, Sh, Se, Te, Ti and W are found
(Table 6.3, Figure 6.8a). Base and rare metals related to nano-scale mineral inclusions
were detected in Py2. They mostly include Cu, Bi and Pb, and could be related to
nano-scale inclusions of chalcopyrite based on the metallic assemblage hosted in the
magnetite-rich pods (Figure 6.11a).

Base and rare metals are slightly more enriched in Cpy2 than in Cpyl (Table 6.4,
Figure 6.8b). Base metals include As, Ni, Pb, Sn and Zn in Cpy1 and Pb, Sn and Zn in
Cpy2 (Table 6.4). Critical and rare metals comprise Ag, Au, Bi, Cd, In, Sh, Se and Ti
for both Cpyl and Cpy2, while additionally Co, Ga and Ge, are found in Cpy2 (Table
6.4, Figure 6.8b). The time-resolved laser ablation ICP-MS depth profiles for these
trace elements suggest that they are lattice bound in chalcopyrite (Figure 6.11b). In
Cpyl, arsenic, Pb, Sb and Zn were detected being associated with nano-scale
inclusions of galena, tetrahedrite and sphalerite (Supplement 2: Table S3-7, Figure
6.11b). In Figure 6.11b, noteworthy is the spiky pattern of Ag ascribed to the presence
of tetrahedrite. Nano-scale mineral inclusions were not detected in Cpy2. The absence
of other co-crystallizing sulfide minerals (e.g. galena and/or sphalerite) and of nano-
scale inclusions, and the slightly more enriched mineral chemistry of Cpy2 in respect
to Cpyl, support the argument made by George et al. (2018) that these conditions
increase the amount of lattice bound trace elements in chalcopyrite.

6.4.2. Mineral chemistry of sphalerite and tetrahedrite and nano-scale inclusions

Sphalerite and tetrahedrite at Laodikino accommodate several base metals and are
significantly enriched in critical and rare metals (Table 6.5, Figure 6.9a,b). Scanning
electron microscopy and LA-ICP-MS analyses indicate that tetrahedrite is found as
inclusions in sphalerite. Sphalerite (Sph1) includes the base metals As, Cu, Fe, Mn, Ni
and Sn, and the critical and rare metals Ag, Cd, Co, Ge, Hg, In, Se, Sb, Ti and V
(Table 6.5, Figure 6.9a). The time-resolved laser ablation ICP-MS depth profiles for
these elements suggest that they are hosted in sphalerite as solid solutions (Figure
6.11c). Nevertheless, based on the concentrations of some elements and the laser
ablation patterns, several enrichments in Ag, As, Bi, Cu, Pb and Sb are attributed to
nano- or micro-scale inclusions of tetrahedrite (Ttrl) (Supplement 2: Table S3-8,
Figure 6.11c).
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Figure 9.4. Selected time-resolved laser ablation ICP-MS depth profiles of pyrite (Py2),
chalcopyrite (Cpyl), sphalerite (Sphl) and tetrahedrite (Ttrl) from the polymetallic
quartz veins and the magnetite-rich pods at Laodikino. Associated nano-scale
inclusions are highlighted in gray. a. In Py2, the distribution patterns of Fe, As, Co
and Au are similar suggesting the incorporation of these elements in crystal lattice.
The spiky patterns of Cu, Bi and Pb indicate that nano-scale inclusions of
chalcopyrite are hosted in pyrite (Py2). b. In Cpyl, copper, Fe, In, Zn and Sn are
incorporated as stoichiometric substitutions, while the spiky patterns for Pb, and for
Sb and Ag suggest the occurrence of nano-scale inclusions of galena and tetrahedrite,
respectively. c. In Sph1l, the distribution patters of Zn, In, Cd, Hg, Mn and Fe, support
that these elements are incorporated as stoichiometric substitutions, whereas Sb, Cu,
Ag, As and Pb spiky distributions patterns highlight the presence of tetrahedrite
inclusions. d. In Ttrl, the distribution patterns of Sh, Cu, As, Zn, Ag, Fe, Bi, Hg, Cd
and In suggest that these elements are accommodated as stoichiometric substitutions

and/or as solid solutions.
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Tetrahedrite (Ttrl) at Laodikino is enriched in base (As, Cu, Fe, Mn, Ni, Pb, Sn,
Zn), as well as in critical and rare metals (Ag, Au, Bi, Cd, Co, Ga, Ge, Hg, In, Sb, Se,
Ti, V) (Supplement 2: Table S3-9, Table 6.5, Figure 6.9b). The investigation of the
trace elements concentrations and their time-resolved laser ablation ICP-MS depth
profiles support that they are hosted in tetrahedrite as stoichiometric substitutions
and/or as solid solutions. Solid solutions of the tetrahedrite-tennantite group are quite
usually found in tetrahedrite (George et al. 2017). Thus, the series of minor spikes
appearing in the time-resolved laser ablation ICP-MS depth profiles, especially for
Ag, Bi, Fe and Hg could be related to solid solutions (Figure 6.11d). Nano-scale

mineral inclusions were not detected in tetrahedrite (Ttrl).
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CHAPTER 7. METAMORPHIC- AND QUARTZ-HOSTED
POLYMETALLIC VEIN MINERALIZATION AT
KOLCHIKO

7.1. Local geology

Metamorphic rocks at Kolchiko comprise mainly Paleozoic mica-schists and
migmatite gneiss, with minor metasandstones and pegmatites of the Vertiskos Unit
(Figure 7.1). Locally, amphibolite, eclogite, and chlorite-talc-schist are found as
minor lenses or intercalated beds, while Paleozoic serpentinized peridotites and
serpentinites occur east of the study area (Kourou 1991). The migmatite gneiss is
characterized by leucosomes with parallel arrangement (layered migmatites) or
forming boudins. Scarce outcrops of augen-gneiss are found mainly in lower
topographies along streams and creeks (Figure 7.1). The migmatite gneiss is
intercalated with mica schist and metasandstone (Kourou 1991). The migmatite gneiss
and the mica schist (Kolchiko-Analipsi mica-schists after Kourou 1991) are
genetically related.

The Triassic Lofiskos granite intrudes the metamorphic rocks north of the study
area (Kourou 1991, Figure 2.2). It belongs to the group of the barren Triassic granites
(also termed Polydendri group: S-type, syn-collisional granites), which intruded the
central part of the Vertiskos Unit (Kourou 1991, Figure 2.2). Lofiskos granite is a
large stock trending NW-SE and is also associated to several other minor and satellite
stocks, sills and dikes of various sizes.

The pegmatites are subdivided in two groups. The first group is of metamorphic
origin and is related with deep crustal retrogression. These pegmatites (<30 cm in
width) are rare and are always parallel to the main schistosity of the migmatite gneiss.
The second group includes large pegmatitic dikes (<50 m in width), related to the
Triassic granites. They are coarse-grained and include euhedral quartz and perthite
(<5 cm in length), which is slightly altered to sericite, as well as minor muscovite
(Kourou 1991). Both pegmatite groups are barren.

The most recent rocks include dolerite dikes and younger milky quartz-chlorite
veins and hydrothermal polymetallic quartz veins. Dolerite consists of hornblende and
plagioclase, with traces of magnetite, ilmenite and hematite. It forms dikes (<1 m in
width), which are hydrothermally altered (chloritization) with the alteration

assemblage comprising chlorite, albite, zoisite, and minor quartz, sericite and calcite.

120



The doleritic dikes intrude the metamorphic rocks and are only slightly deformed due

to the retrograde greenschist facies metamorphism (Kourou 1991).
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Figure 7.1. a. Geological map of the Kolchiko area, b. Geological cross section traversing the

mineralization at Kolchiko (modified after Kockel et al. 1979b).

The milky quartz-chlorite veins (<20 cm in width) have a similar development to

those found in the Laodikino area. They crosscut the migmatite gneiss and the mica-

schist, and occur along planes of normal faults (N83W/68°NE in average) located in

the hanging wall of reverse faults (Figure 7.1). They comprise quartz, plagioclase and

minor biotite. Alteration assemblage includes mainly chlorite, with quartz, sericite and
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calcite. Quartz is the predominant mineral and locally appears highly brecciated and
vuggy. Chlorite is the second most abundant mineral. It occurs in open spaces forming
foliated masses. Plagioclase intergrows with quartz and is slightly altered to sericite.
Biotite appears in the intergranular space and is altered to chlorite. Sericite and calcite
appear in thin veinlets (<300 pum in width) crosscutting the quartz-plagioclase
intergrowths and the chlorite masses. Euhedral pyrite (<500 um in width) is a minor
component in these veins. It forms aggregates (<1 cm in width) along with biotite.

Three types of mineralized veins are found at Kolchiko: polymetallic massive
veins (<10 cm in width), polymetallic quartz veins (<10 cm in width), and quartz-
pyrite veins (<5 cm in width). These veins are of hydrothermal origin and crosscut the
mica-schists (Figure 7.1, 7.2a-f). The polymetallic massive veins appear in low angles
(N66W/30°NE in average) near the contact between the mica-schist and the
migmatite. The polymetallic quartz veins occur in higher angles (N73W/47°NNE in
average) in the mica-schist, while the quartz-pyrite veins crosscut the mica-schist in
even higher angles (S13W/80°WNW in average). The occurrence of the polymetallic
quartz and of the quartz-pyrite veins is associated with a set of conjugate NW- and
SW-trending normal faults. All these veins are enveloped in restricted hydrothermal
halos containing quartz, sericite and chlorite (sericitization). Locally, the
mineralization is oxidized due to supergene processes.

These sets of dikes and veins is associated with the tectono-metamorphic history
of the area (Kourou 1991). The metamorphic events at Kolchiko comprise: (1) early
and restricted eclogitic event (M1) connected to the formation of eclogite from
tholeiitic mafic protoliths, (2) subsequent metamorphism (M2: T = 650-750 °C, P =
3.5-8.5 kb, Kourou 1991) related to partial melting and the formation of the migmatite
gneiss, (3) amphibolite facies metamorphism (M3: T = 500-640 °C, P = 5-8 kb,
Kourou 1991), (4) upper greenschist facies metamorphism (T = 440-520°C, P = 5-6
kb, Kourou 1991), and (5) retrograde greenschist facies metamorphism (M5: T = 300-
550 °C, P <5 kb, Kourou 1991). Geothermometry on chlorite from the milky quartz-
chlorite veins revealed formation temperatures varying between 304 and 328 °C
(Patsiouri 2017).

The ductile deformation phases documented at Kolchiko include the pre-Mesozoic
to Mesozoic D1 and D2 phases, the Mesozoic D3 phase related to the Alpine
Orogeny, the D4 Cenozoic phase, and a later brittle deformation (Kourou 1991). The
D1 deformation event and the S1 fabric, found in the layered migmatites and the
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amphibolites, are related to the M2 metamorphic event (Kourou 1991). Folds were not
developed during this event. The D2 event resulted in the isoclinal tight folding of the
S1 fabric and to the development of the S2 penetrative fabric related to the axial
planes of F2 folds (Kourou 1991). During this event, the boudinage texture was
developed in the migmatite gneiss. Thus, Kourou (1991) suggested that D2
deformation phase was subsequent to the M2 metamorphic event and was related to
the M3 metamorphic event.

The D3 event folded the S2 fabric, and created close to tight recumbent F3 folds
and the S3 fabric that is the main penetrative fabric in the mica schists. Also, the S3
fabric is imposed on the Lofiskos granite (Polydendri group, Kourou 1991). The
granites of the Polydendri group were formed during the D3 deformation event by the
extensive melting of metasediments similar to the metasandstones exposed in the area.
The second group of pegmatites in the area is exclusively related to the Lofiskos
granite and to the Polydendri group. During the D3 event, they intruded the
metamorphic rocks, mainly along the F3 limbs or parallel to F3 axial planes. The
greenschist facies metamorphism (M4) started during the D3 deformation event and
continued after it ended. Amphibolites and metasandstones remained unaffected by
the D3 folding, whereas discrete shear zones, parallel to the S3 fabric, were developed
in mica schists and migmatites (Kourou 1991).

Open, upright folds (F4) and kink folds were developed during the D4
deformation event. A coincident S4 fabric is not described by Kourou (1991). The
retrograde M5 metamorphic event (Eocene and early Oligocene, Kilias et al. 1999) is
concurrent to the D4 deformation phase. Also, it is suggested that the dolerite dikes
intruded during this event (Kourou 1991). The D4 deformation phase was succeeded
during early Oligocene by the onset of the brittle deformation transecting the
Vertiskos Unit (Kilias et al. 1999). Northwest-trending normal faults, conjugate NE-
SW-trending normal to oblique, as well as N-S-trending strike-slip faults were
developed during Oligocene-Miocene (Kilias et al. 1999). In addition, the
development of a NE-SW-trending contractional component along the western ridge
of the SMM between late Oligocene and early Miocene resulted in a SW-vergent
thrusting (Kilias et al. 1999). Thus, the metamorphic rocks of the Kolchiko area are
thrusted on the Permian-Lower Triassic quartzite of the CRB (Examili Fm, Kilias
2021) and on the Oligocene-Miocene molassic sediments of the Mygdonia graben
(Figure 2.1, 7.1). The younger set of faults (S43E/83°SW in average) at Kolchiko
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transcut all the older structural features and is associated with the Miocene to Pliocene

high angle normal faulting described by Kilias et al. (1999).

Figure 7.2. Mineralization styles from the Kolchiko area. a. Arsenopyrite (Apy) and quartz

(Qz) in a polymetallic massive vein. b. Arsenopyrite (Apy), pyrite (Py) and quartz
(Qz) in a polymetallic massive vein. c. Pyrite (Py), minor arsenopyrite (Apy) and
quartz (Qz) as a gangue mineral in a polymetallic massive vein. d. Arsenopyrite
(Apy) and quartz (Qz) in a planar polymetallic massive vein. e. Pyrite (Py) and
chalcopyrite (Cpy) in a polymetallic quartz vein. f. Pyrite (Py) along cracks and in

quartz (Qz) interstices in a quartz-pyrite vein.
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7.2. Mineralization and alteration styles

The metallic assemblage at Kolchiko is hosted in polymetallic massive and quartz
veins, in quartz-pyrite veins, as well as disseminations in the mica schists (Patsiouri
2017, this study). The polymetallic massive (>80 wt.% of ore, <10 cm in width) and
the quartz veins (<5 cm in width, Figure 7.2a-e), as well as the quartz-pyrite veins (<5
cm in width) are planar and continuous (Figure 7.2f). The depth of these veins is
unknown.

Arsenopyrite and pyrite are the major metallic minerals filling up to 80% of the
veins (Figure 7.2a-c). Locally, the ore texture in the polymetallic massive veins varies
from massive to disseminate. Gangue minerals related to all types of veins include
quartz in varying amounts (Figure 7.2a-f). Quartz may fill up to 60% of the
polymetallic massive and quartz veins (Figure 7.2d,e) and up to 80% of the quartz-
pyrite veins (Figure 7.2f).

The metallic minerals of the polymetallic massive veins include arsenopyrite,
pyrite, chalcopyrite, galena, pyrrhotite, minor galenobismuthinite, native bismuth and
gold, and traces of titanite, ilmenite, rutile and uraninite (Patsiouri 2017, this study,
Table 7.1, Figure 7.2a-d, 7.3a-c). According to Patsiouri (2017), the occurrence of
native gold in the massive veins is highly correlated with arsenopyrite, while uraninite

is found as traces in pyrite along with zircon.

Table 7.1. Summary of the typology, alteration and textural characteristics of the
mineralization stages found at Kolchiko.

Mineralization Alteration Metallic Alteration

Mineralization age Host rock Reference
style style assemblage assemblage
Apy + Py + Cpy
Pre to early Polymetallic . . S +Gn + Po + Gab
Oligocene? massive veins Mica-schist ~ Sericitization L Bit Aut Tin Ser + Qz + Chl oatsiouri (2017
+Tlm + Rt + Urn atsiouri (2017),
this study
Polymetallic quartz Py + Cpy + Apy
veins Mica-schist ~ Sericitization + Gn + Sph + Po Ser + Qz + Chl
Late Oligocene- + Bi+ Hes+ Tb
early Miocene? Quartz-pyrite veins Mica-schist  Sericitization Py + Cpy Ser + Qz + Chl
Disseminations and . . L
aggregates Mica-schist ~ Sericitization Py Ser + Qz + Chl This study
. ... Encrustations and Polymetallic Oxidized Gt + Scd + Cov
Post-mineralization - . e
masses veins mineralization + Hem + Ang + Bsm

Abbreviations: Ang = anglesite, Apy = arsenopyrite, Au = native gold, Bi = native bismuth, Bsm = bismite,
Chl = chlorite, Cov = covellite, Cpy = chalcopyrite, Gab = galenobismuthinite, Gn = galena, Gt = goethite,
Hem = hematite, Hes = hessite, Ilm = ilmenite, Po = pyrrhotite, Py = pyrite, Qz = quartz, Rt = rutile,

Scd = scorodite, Ser = sericite, Sph = sphalerite, Th = tellurobismuthite, Ttn = titanite, Urn = uraninite.
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Figure 7.3. Photomicrographs (plane reflected light) of the hypogene mineralization in the
polymetallic massive (a-c) and quartz (d-e) veins, as well as in the quartz-pyrite veins
(f) at Kolchiko. a. Massive arsenopyrite (Apy) with quartz (Qz) and minor pyrite. b.
Pyrrhotite (Po) hosted in massive arsenopyrite (Apy) and quartz (Qz). c. Massive
pyrite (Py) and chalcopyrite (Cpy) inclusions. d. Euhedral pyrite (Py) cemented by
chalcopyrite (Cpy), sphalerite (Sph) and galena (Gn), and native bismuth (Bi). e.
Pyrite (Py) in sphalerite (Sph), and galena (Gn) with inclusions of native bismuth (Bi)
cemented by chalcopyrite (Cpy). f. Pyrite (Py) with quartz (Qz) and minor
chalcopyrite (Cpy).

The polymetallic quartz veins consist of pyrite, chalcopyrite, arsenopyrite, galena,
sphalerite, pyrrhotite, and minor native bismuth, hessite and tellurobismuthite (Table

126



7.1, Figure 7.2e, 7.3d-e). In the quartz-pyrite veins, pyrite is the main metallic
mineral, while chalcopyrite occurs in traces (Table 7.1, Figure 7.2f, 7.3f). Pyrite fills
the cracks and the quartz interstices (Figure 7.2f). Furthermore, pyrite is found as
disseminations and aggregates (<3 mm in width) in the alteration halos (sericitization)
around the polymetallic massive and quartz veins (Table 7.1).

The various mineralization stages are enveloped by restricted hydrothermal halos.
Alteration assemblage consists mainly of sericite, quartz and chlorite (Table 7.1).
Goethite, scorodite and covellite in the polymetallic massive veins, as well as
hematite, anglesite and bismite (Bi,O3) in the polymetallic quartz veins are related to

supergene processes (Table 7.1).

7.3. Analytical results

7.3.1. Bulk geochemical analysis

Twelve surface mineralized samples from the Kolchiko area were analyzed in
respect to their critical and rare metals endowment. Eight samples were from the
polymetallic massive veins (KOLX 0la, KOLX 01bi, KOLX 01bii, KOLX 03a:
arsenopyrite is the dominant metallic mineral, KOLX 02a, KOLX 02bi, KOLX 03c:
pyrite is the dominant metallic mineral), and three samples were from the polymetallic
quartz veins (KL 13i, KL 13ii, KL 13a) (Table 7.2, Figure 7.4). One sample was
analyzed from the quartz-pyrite veins (KL 07) (Table 7.2, Figure 7.4). Additionally,
one sample from a pegmatite (KL 06) related to the adjacent Triassic granite, and 2
samples from the milky quartz veins (KL 01, KL 02a), and 1 sample from the
hydrothermally altered and oxidized metamorphic rocks (KL02b) were analyzed for
comparison and background reference (Table 7.3, Figure 7.4).

The polymetallic massive and quartz veins exhibit similar geochemical profiles,
whereas those of the quartz-pyrite and the pegmatite show distinct trends (Figure 7.4).
The pyrite-dominated polymetallic massive veins are more enriched in critical and
rare metals than the arsenopyrite-dominated polymetallic massive veins (Figure 7.4).
The pyrite-dominated polymetallic massive veins are more enriched in Au (<9.2
ppm), Ce (<20 ppm) and W (<844 ppm), while the arsenopyrite-dominated
polymetallic massive veins include higher contents in La (<12 ppm) and U (<2.5
ppm) (Table 7.2, Figure 7.4).

The polymetallic quartz veins incorporate the higher contents in Ag (<23 ppm), Bi
(<995 ppm), Cd (<14 ppm), Co (<320 ppm), Ga (<2.4 ppm), Gd (<1.7 ppm), In
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(<0.44 ppm), Nd (<6.2 ppm), Se (<38 ppm), Sm (<1.6 ppm), Te (<3 ppm) and Th
(<15 ppm) (Table 7.2, Figure 7.4). Rare earth elements and Ge, Nb and Ti are

depleted in the mineralized veins in respect to the metamorphic reference rocks.

Table 7.2. Bulk geochemical analyses of selected critical and rare metals from Kolchiko. For
the full list of geochemical analyses advise Supplement 4, Table S1-3.

Mineralization stages
Host Polymetallic massive veins Polymetallic quartz veins Py-_Qz
rock veins
Alt. Sericitization
Det. KOLX | KOLX | KOLX | KOLX | KOLX | KOLX | KOLX | KOLX KL KL KL KL
PPM 1 Jimit | o1a | otbi | oabii | oic 02a | 02 | 03a 03c 13i 13ii 13 07
Ag 0.01 1.7 14 13 45 13 1.8 5.6 9.7 23 33 17 0.18
Au 5x10°® 11 21 24 0.35 0.34 9.2 0.66 0.3 0.35 0.13 0.53 0.32
Bi 0.01 262 466 504 181 390 693 190 425 995 694 739 30
Cd 0.01 0.05 0.03 0.06 19 0.55 0.01 0.24 0.15 3.2 14 12 011
Ce 0.02 14 54 18 0.32 0.41 20 9.3 12 16 15 7.9 2.1
Co 01 296 275 269 124 78 161 261 89 320 245 159 19
Ga 0.05 0.6 0.37 0.68 0.06 0.05 0.91 0.84 0.28 1.9 21 24 0.49
Gd 0.05 0.34 0.15 0.3 b.d.l b.d.l 0.5 0.67 0.07 15 17 13 031
Ge 0.05 0.12 0.12 0.11 0.15 0.13 0.09 0.12 0.06 0.2 0.16 011 b.d.l
Hg 0.005 0.04 0.05 0.07 0.09 0.10 0.04 0.05 0.16 0.1 0.25 0.12 0.008
In 0.005 0.01 b.d.l 0.01 0.07 0.38 0.01 0.02 0.07 0.13 0.44 0.35 b.d.l
La 0.2 12 41 17 b.d.l. 0.3 10 41 0.7 7.1 7.6 3.7 11
Nb 0.05 0.1 0.1 0.12 0.08 0.12 0.27 0.28 0.19 0.13 0.24 0.27 0.33
Nd 0.1 2.8 14 2.7 b.d.l. 0.1 49 3.9 04 6.2 5.6 4 1
Re 0.001 0.004 0.002 0.003 0.002 0.004 b.d.l 0.002 0.01 0.002 0.002 b.d.l b.d.l
Sb 0.05 58 54 39 23 25 42 35 0.61 13 13 11 183
Se 0.2 9.6 8.8 7 10 17 6 11 5.7 38 31 19 1
Sm 0.03 0.44 0.23 0.38 b.d.l b.d.l 0.8 0.85 0.07 1.6 16 12 0.26
Ta 0.01 b.d.l 0.01 0.02 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 0.01
Te 0.01 14 18 14 0.36 2 16 2.2 15 3 2.1 2.6 0.12
Th 0.2 13 05 0.6 b.d.l b.d.l 15 11 0.3 6.5 15 6.8 0.5
Ti 50 b.d.l b.d.l b.d.l b.d.l b.d.l 100 60 b.d.l b.d.l 100 100 100
U 0.05 0.58 0.33 0.75 0.05 b.d.l 0.3 25 0.07 0.56 12 0.64 0.08
\% 1 9 9 8 8 7 9 7 4 7 6 2 b.d.l
W 0.05 35 109 246 189 469 36 142 844 168 176 0.88 0.11

Abbreviations: alt. = alteration, b.d.l. = below detection limit, Det. limit = detection limit.

The pegmatite shows the highest enrichment in Sb (<648 ppm), followed by

restricted contents of Ce (<5.9 ppm), Co (<4.4 ppm), La (<2.6 ppm) and Nd (<2.3
ppm) (Table 7.3). The milky quartz veins and the two-mica schist exhibit depleted

geochemical profiles in critical and rare metals (Figure 7.4). The highest contents of

critical and rare metals is the mica-schist are ascribed to Co (<53 ppm), while the

milky quartz veins contain up to 108 ppm Bi and up to 53 ppm Sb (Table 7.3).
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Table 7.3. Bulk geochemical analyses of selected critical and rare metals from pegmatite (KL
06), milky quartz veins (KL 01, KL 02a), and the mica schist (KL 02b) from Kolchiko. For
the full list of geochemical analyses advise Supplement 4, Table S1-3.

Host rock Mica schist Milky quartz veins Pegmatite
Alteration Sericitization
ppm Detection limit KL 02b KL 01 KL 02a KL 06
Ag 0.01 0.12 0.2 0.06 0.03
Au 5x10° 0.01 0.04 0.002 0.003
Bi 0.01 35 108 12 0.19
Cd 0.01 0.17 b.d.l 0.02 0.03
Ce 0.02 6.1 0.43 15 5.9
Co 0.1 53 2.7 44 44
Ga 0.05 3.6 0.64 34 11
Gd 0.05 13 b.d.l 17 0.5
Ge 0.05 0.07 b.d.l b.d.l b.d.l
Hg 0.005 b.d.l 0.01 b.d.l 0.01
In 0.005 0.03 b.d.l 0.02 b.d.l
La 0.2 3.4 0.3 7.2 2.6
Nb 0.05 18 0.16 0.31 0.09
Nd 0.1 4 0.2 6.8 23
Re 0.001 0.004 b.d.l b.d.l b.d.l
Sb 0.05 74 53 9.5 648
Se 0.2 0.5 0.8 b.d.l b.d.l
Sm 0.03 1 0.05 16 0.49
Ta 0.01 b.d.l b.d.l b.d.l b.d.l
Te 0.01 0.04 0.2 0.02 b.d.l
Th 0.2 0.6 0.3 4.9 b.d.l
Ti 50 0.01 b.d.l 0.06 b.d.l
u 0.05 0.58 b.d.l 15 0.23
\Y 1 5 b.d.l 8 1
W 0.05 0.51 0.79 0.34 0.13

Abbreviations: b.d.l. = below detection limit.

Pearson product-moment correlation coefficients and associated p-values were
calculated for the bulk geochemical analyses (Supplement 3: Table S4-3). Significant
positive correlations (p <0.01, values > 0.625) were obtained for the elemental pairs:
Ag-Bi, Ag-Cd, Ag-Co, Ag-Ge, Ag-Hg, Ag-In, Ag-Se, Ag-Te, Ag-Th, Bi-Co, Bi-Ge,
Bi-Hg, Bi-Se, Bi-Te, Cd-Hg, Cd-In, Cd-Se, Cd-Th, Ce-La, Ce-Nd, Ce-Sm, Co-Ge,
Co-Se, Co-Te, Ga-Gd, Ga-Nb, Ga-Nd, Ga-Sm, Ga-Ti, Gd-Nd, Gd-Sm, Gd-Th, Ge-Se,
Ge-Te, Hg-In, Hg-Se, Hg-Th, In-Se, In-Th, Nd-Sm, Nd-Th, Nd-U, Re-W, Se-Te, Se-
Th and Sm-Th (Supplement 3: Table S4-3).

Additionally, positive correlations (p <0.05, values between 0.504 and 0.621)
were defined for the elemental pairs: Ag-Gd, Ag-Sm, Au-Se, Bi-Cd, Bi-Th, Cd-Gd,
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Cd-Sm, Ce-Gd, Ce-V, Co-La, Co-V, Ga-Th, Gd-Ti, Gd-U, Ge-Hg, Ge-V, La-Nd, La-
Ta, La-V, Nd-Ti, Se-Sm, Sm-Ti and Sm-U (Supplement 3: Table S4-3). Negative

correlations were not detected (Supplement 3: Table S4-3).
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Figure 7.4. Upper continental crust (UCC) normalized logarithmic spider diagram of the
analyzed samples from Kolchiko in comparison to the plot area of the hydrothermally
altered and oxidized metamorphic rocks (UCC normalized values after Rudnick and
Gao 2003).

7.3.2. Arsenopyrite and pyrite - Mode of occurrence

Arsenopyrite and pyrite are the dominant metallic minerals in the polymetallic
massive and quartz veins at Kolchiko (Figure 7.5a-c). In the polymetallic massive
veins, arsenopyrite (Apyl) is granular (<500 um in width) to massive, and locally
exhibits cataclastic texture (Figure 7.3a). It is intergrown with minor pyrite (Pyl)
(<300 um in width) and hosts irregular inclusions of pyrrhotite (<400 pm in width)
(Figure 7.3b, 7.5a). Native bismuth (<10 um in width) rarely occurs in the
intergranular space. Additionally, Patsiouri (2017) reports the occurrence of
chalcopyrite and native gold (<200 um in width) in the intergranular space. In the
pyrite-dominated polymetallic massive veins, arsenopyrite is a minor component and

occurs sparsely as euhedral grains (<200 um in width).
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Figure 7.5. SEM back-scattered electron images of arsenopyrite and pyrite from the

100pm

polymetallic massive veins (a-c) and from the polymetallic quartz veins (d-f). a.
Arsenopyrite (Apyl) exhibiting cataclasis, minor pyrite (Pyl) and quartz (Qz) as a
gangue mineral. b. Subrounded inclusions of chalcopyrite (Cpy) and pyrrhotite (Po),
and native bismuth (Bi) filling a veinlet in pyrite (Py2), and quartz (Qz) as a gangue
mineral. ¢. Galena (Gn) in interstices and chalcopyrite (Cpy) inclusions in pyrite
(Py2). d. Euhedral arsenopyrite (Apy) and chalcopyrite (Cpyl) in pyrite (Py3). e.
Arsenopyrite (Apy), galena (Gn) and tellurobismuthite (Tb) in pyrite (Py3). f.
Pyrrhotite (Po) and hessite (Hes) inclusions in pyrite (Py3).
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In the polymetallic quartz veins, arsenopyrite rarely occurs. It is associated with
euhedral grains (<200 um in width) and with inclusions (<100 pm in width) in pyrite
and  chalcopyrite (Figure 7.5d). In arsenopyrite interstices, galena and
tellurobismuthite are found (Figure 7.5e).

In the polymetallic massive veins, pyrite (Pyl and Py2) exhibits massive to
granular textures and cataclasis (Figure 7.3c). In the arsenopyrite-dominated
polymetallic massive veins, pyrite (Pyl) is a minor component and appears as
subhedral to euhedral grains (<300 pm in width). In the pyrite-dominated polymetallic
massive veins, pyrite (Py2) appears as subhedral to euhedral grains (<3 mm in width)
along with arsenopyrite, chalcopyrite, pyrrhotite, galena and native bismuth (Figure
7.5b,c). Chalcopyrite and pyrrhotite form subrounded inclusions (<100 um in width)
in Py2 grains, while galena and native bismuth occur along the boundaries of pyrite
grains, and in Py2 interstices (<20 um in width) (Figure 7.3b, 7.5b,c).

In the polymetallic quartz veins, pyrite (Py3) is subhedral to euhedral in shape
(<400 um in width), and cemented by chalcopyrite, sphalerite, galena and native
bismuth. Inclusions of galena (<200 um in width), arsenopyrite (<100 pm in width),
chalcopyrite (<30 um in width) and pyrrhotite (<20 um in width) are found in pyrite
(Figure 7.5f). Hessite, tellurobismuthite and native bismuth (<70 um in width) are
found in the intergranular space and as inclusions in galena. In the quartz-pyrite veins,
pyrite (Py4) fills veinlets and forms aggregates (<3 mm in width) along cracks in

quartz. Locally, it is intergrown with minor chalcopyrite (Figure 7.3f).

7.3.3. Chalcopyrite and sphalerite - Mode of occurrence

Chalcopyrite is found in all the mineralization stages related to veins (Table 7.1).
In the polymetallic massive veins, chalcopyrite is a minor component. It is found in
the intergranular space between arsenopyrite and pyrite (<200 pm in width), and as
subrounded inclusions (<100 um in width) in pyrite grains along with pyrrhotite (<50
um in width) (Figure 7.3b, 7.5b). In the pyrite-dominated polymetallic massive veins,
chalcopyrite inclusions in pyrite are locally overgrown by galena (Figure 7.6a).

In the polymetallic quartz veins, chalcopyrite (Cpyl) is the second most abundant
metallic mineral after pyrite (Figure 5.3d,e). It cements pyrite, and is intergrown with
sphalerite (Figure 7.6b). Furthermore, it hosts euhedral arsenopyrite, and inclusions of
galena and native bismuth (Figure 7.3d,e, 7.6b,c).
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Figure 7.6d
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Figure 7.6. SEM back-scattered electron images of pyrite, chalcopyrite and sphalerite from
Kolchiko (a = polymetallic massive veins: pyrite dominated, b-d, f = polymetallic
quartz veins, e = quartz-pyrite veins). a. Chalcopyrite (Cpy) in pyrite (Py2) and
galena (Gn) in interstices. b. Chalcopyrite (Cpyl) is intergrown with sphalerite
(Sph1) and hosts inclusions of euhedral arsenopyrite (Apy). Galena (Gn) is found in
sphalerite. ¢. Chalcopyrite (Cphl) contains inclusions of galena (Gn) and native
bismuth (Bi). d. Galena (Gn) and native bismuth (Bi) in chalcopyrite (Cpyl).
Anglesite (Ang) and bismite (Bsm) occur due to the oxidation of galena and native
bismuth, respectively. e. Pyrite (Py4) is intergrown with chalcopyrite (Cpy2) in
cracks along quartz (Qz). f. Sphalerite (Sph1l) is intergrown with chalcopyrite (Cpy1l)

and hosts galena (Gn) inclusions.
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In the quartz-pyrite veins, chalcopyrite (Cpy2) is a minor constituent (Figure 7.3f).
It is intergrown with pyrite along cracks in quartz (Figure 7.3f). Locally, quartz cracks
are filled only by chalcopyrite.

Sphalerite (Sphl) is found only in the polymetallic quartz veins (Table 7.1). It is
intergrown with chalcopyrite (Cpy2). It appears in irregular shape (<500 um in width)
and along with chalcopyrite it cements pyrite (Py3) (Figure 7.3d,e, 7.6b,f).
Commonly, it is replaced by galena, which appears as irregular to rounded inclusions
(<300 pum in width) in Sphl (Figure 7.6f).

7.3.4. Critical and rare metals in arsenopyrite and pyrite (LA-ICP-MS)

Arsenopyrite (Apyl) exhibits depleted contents in base, critical and rare metals
(Table 7.4, Figure 7.7a). The full analytical dataset for arsenopyrite is given in
Supplement 2 (Table S3-11). Base metals concentrations include As (<295,377 ppm
or 29.5 wt.%), Ni (<90 ppm), Cr (<20 ppm), Cu (<20 ppm), Mn (<5 ppm) and Pb
(<3.1 ppm) (Table 7.4). Critical and rare metals include up to 627 ppm Co, up to 101
ppm Sbh, up to 21 ppm Se, up to 15 ppm Ti, up to 13 ppm Te, up to 3.5 ppm Au, up to
2.4 ppm Ag, up to 1.6 ppm Hg and up to 0.30 ppm TI (Table 7.4, Figure 7.7a).
Elevated contents in Bi (<100 ppm) and Pb (<6.8 ppm) in Apyl are related to nano-
scale mineral inclusions and are excluded from Table 7.4 (Supplement 2: Table S3-
11).

Table 7.4. LA-ICP-MS analyses of arsenopyrite from the polymetallic massive veins at
Kolchiko. Advise also Supplement 2, Table S3-11.

Host rock Mica-schist Host rock Mica-schist
Alteration Sericitization Alteration Sericitization
Mineralization| ~ Apyl, Polymetallic massive veins Mineralization] ~ Apyl, Polymetallic massive veins
style (n=10) style (n=10)
Element MIN | MAX [STDEV | AVG Element MIN | MAX [STDEV | AVG
ppm ppm
Ag 24 24 - 24 Nb b.d.l b.d.l - -
As 196,291 295,377 31,071 231,425 Ni 23 90 20 35
Au 0.63 35 14 19 Pb 0.63 31 11 1.6
Bi b.d.l b.d.l - - Re b.d.l b.d.l - -
Cd b.d.l. b.d.l - - Sh 57 101 16 75
Co 7 627 176 294 Se 9.2 21 3.8 15
Cr 20 20 - 20 Sn b.d.l b.d.l - -
Cu 20 20 - 20 Te 12 13 0.47 12
Ga b.d.l b.d.l - - Ti 11 15 2.7 13
Ge b.d.l b.d.l - - Tl 0.30 0.30 - 0.30
Hg 0.87 1.6 0.23 1.2 V b.d.l. b.d.l. - -
In b.d.l b.d.l - - w b.d.l b.d.l - -
Mn 3.6 5 0.57 41 Zn 640,400 645,500 2,464 643,970
Mo b.d.l b.d.l

Abbreviations: AVG = average value, b.d.l. = below detection limit, MIN = minimum value, MAX = maximum
value, n = number of analyses, STDEV = standard deviation.
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the polymetallic massive veins and of pyrite (b) from the polymetallic massive and
quartz veins and the quartz-pyrite veins. Local enrichments related to nano-scale

mineral inclusions are excluded.

Pyrite (Pyl-4) from the various mineralization styles at Kolchiko exhibits
diversity in trace elements enrichments reflecting distinct geochemical profiles (Table
7.5, Figure 7.7b). The most enriched base metals include As (<18,820 ppm), Zn (<65
ppm) and Sn (<2.7 ppm) in Py2, Ni (<1,713 ppm), Pb (<120 ppm) and Cu (<95 ppm)
in Py4, and Mn (<64 ppm) and Cr (<43 ppm) in Py3, while Mo contents are below
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detection limit (Table 7.5). Pyrite (Py2) from the pyrite-dominated polymetallic
massive veins is more enriched in Ag (<21 ppm), Au (<1.3 ppm), In (<2.2 ppm) and
Te (<7 ppm), while pyrite (Pyl) from the arsenopyrite-dominated polymetallic
massive veins exhibits the highest contents in Sb (<55 ppm) (Table 7.5, Figure 7.7b).
Pyrite (Py3) from the polymetallic massive veins is more enriched in Ti (<52 ppm).
Pyrite (Py4) from the quartz-stibnite veins is characterized by enrichments in Co
(<2,155 ppm), Se (<63 ppm), Bi (<4 ppm) and Hg (<0.81 ppm) (Table 7.5, Figure
7.7b). V (<0.24 ppm) exhibits similar enrichments in Py2 and Py4, as well as W (<10
ppm) for Py2 and Py3 (Table 7.5, Figure 7.7b).

Table 7.5. LA-ICP-MS analyses of pyrite from the mineralizing stages at Kolchiko. For the
full dataset, see Supplement 2, Tables S3-12.

Host rock Mica-schist
Alteration Sericitization
. N Py1, Apy-dominated Py2, Py-dominated . . . .
Mineralization polymetallic massive veins polymetaliic massive veins Py3, Polymeta_lllc quartz veins|  Py4, Quartz_—pyrlte veins
style _ _ (n=15) (n=10)
(n=3) (n=22)
ST ST ST ST
Element MIN | MAX DEV AVG | MIN | MAX DEV AVG | MIN | MAX DEV AVG | MIN | MAX DEV AVG
ppm
Ag 2 31 077 26 075 21 7.9 55 1.2 15 3.9 42 036 18 0.60 0.88
As 111 1,014 502 436 1.3 18,820 6,318 4543 52 10 2.1 78 bdl bl - -
Au 059 0.59 - 059 022 13 033 047 020 0.20 - 020 b.d.l. budl - -
Bi bdl bd.l - - 022 04 01 034 049 21 072 11 0.23 4 1.6 14
Co b.dl. bd.l - - 026 35 12 16 57 623 136 390 205 2,155 577 579
Cr bdl bd.l - - 12 12 - 12 11 44 11 33 11 11 - 11
Cu 17 17 - 17 4.4 11 2.1 7.7 33 9.5 2.6 6.5 38 95 36 21
Hg bdl bd.l - - b.dl. b.d.l - - 034 067 012 051 081 081 - 0.81
In bdl bd.l - - 0.05 22 12 075 bdl bdl - - bdl bdl - -
Mn 43 7 14 5.6 33 65 081 49 48 64 25 31 4.4 20 4.7 6.4
Mo b.dl. bd.l - - b.dl. b.d.l - - b.dl b.d.l - - bdl bdl - -
Ni bdl bdl - - 1.6 68 20 23 94 182 44 98 143 1,713 473 421
Pb b.dl. bd.l - - 019 3.62 2 14 6.6 100 34 54 72 120 40 49
Sh 38 55 12 46 037 059 008 047 047 6 1.8 1.7 046 81 2.7 2.6
Se 15 15 - 15 8.1 62 14 23 7 46 9.9 28 9.8 63 16 25
Sn bdl bd.l - - 2.7 2.7 - 27 bdl bdl - - 042 043 0.007 043
Te bdl bd.l - - 24 7 2.3 47 bdl bdl - - bdl bdl - -
Ti 9.6 21 6.1 16 9.5 25 4 16 5.9 52 12 18 5.9 18 4 12
Tl 091 32 1.6 21 036 105 029 077 025 071 024 053 032 082 035 057
\% bdl bd.l - - 024 0.24 - 0.24 b.d.l. bd.l - - 0.24 0.24 - 0.24
w bdl bdl - - 0.88 10 4 44 056 10 3.6 5.4 1.7 1.7 - 1.7
Zn b.d.l.  bd.l - - 7.2 65 41 36 5.9 5.9 - 59 bdl bdl - -

Abbreviations: Apy = arsenopyrite, AVG = average value, b.d.l. = below detection limit, MIN = minimum value,
MAX = maximum value, n = number of analyses, n.a. = not analyzed, Py = pyrite, STDEV = standard deviation.

Trace elements related to nano-scale mineral inclusions include Bi (<196 ppm),
Sb (<73 ppm), Pb (<44 ppm), Cu (<33 ppm) and Tl (<3 ppm) in Pyl, As (<22,330
ppm), Cu (<1,847 ppm), Pb (<1,134 ppm), Bi (<366 ppm), Zn (<173 ppm), Ag (<21
ppm), Sb (<15 ppm), In (<12 ppm) and Sn (<11 ppm) in Py2, Pb (<456 ppm), Cu
(<82 ppm), Sb (<26 ppm), Bi (<14 ppm), Ag (<13 ppm) and Zn (<4.3 ppm) in Py3,
and Cu (<124 ppm) and Bi (<8.1 ppm) in Py4 (Supplement 2: Table S3-12).
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7.3.5. Critical and rare metals in chalcopyrite and sphalerite (LA-ICP-MS)

Chalcopyrite (Cpyl) from the polymetallic quartz veins is more enriched in trace
elements than Cpy2 from the quartz-pyrite veins (Table 7.6, Figure 7.8a). The full
laser ablation ICP-MS analytical dataset is given in Supplement 2 (Table S3-13).

Table 7.6. LA-ICP-MS analyses of chalcopyrite from the polymetallic quartz veins and the
pods at Laodikino. Advise also Supplement 2, Table S3-13,14.

Mineral Chalcopyrite | Sphalerite
Host rock Mica-schist
Alteration Sericitization
Mineralization style Cpyl, Polynzr?tzlllltlz)quartz veins Cpy2, ng:ti-%/nte veins Sphi, PonrTEﬁtillll(c))quartz veins
Element MIN | MAX ST AVG | MIN | MAX St AVG | MIN | MAX ST AVG
DEV DEV DEV
ppm
Ag 34 106 22 83 2.3 2.3 - 2.3 85 59 15 20
As 11 18 37 15 bd.l  bdl - - bd.l  b.d.l - -
Au 0.59 45 15 2.1 0.92 0.92 - 0.92 0.22 0.84 0.25 0.42
Bi 7.9 18 5.2 14 bd.l  b.dl - - 0.30 2.6 0.97 14
Cd 4.7 4.7 - 4.7 bd.l  bdl - - 1,867 2,015 51 1,960
Co 2.8 55 0.83 42 11 64 38 37 133 151 5.4 141
Cr 17 21 18 19 bd.l  b.dl - - bd.l  bd.l - -
Cu 309,550 388,071 29,278 342,903 346,400 346,400 -  346,400| 75 1,060 345 333
Ga 0.73 0.73 - 0.73 b.d.l  bd.l - - 0.71 0.81 0.05 0.76
Ge 6.3 6.3 - 6.3 8.6 8.6 - 8.6 bd.l  bd.l - -
Hg 0.59 14 0.4 1 bdl  bd.l - - 11 20 23 15
In 0.35 44 1.6 29 0.72 0.72 - 0.72 15 20 15 17
Mn 31 30 12 11 bd.l  b.dl - - 656 737 24 688
Mo bdl  bdl - - bd.l  b.dl - - bd.l  b.d.l - -
Nb bdl  bdl - - bd.l  bdl - - bd.l  b.d.l - -
Ni bdl  bdl - - 43 43 28 24 bd.l  b.d.l - -
Pb 9.1 17 3.8 12 bd.l  b.dl - - 0.54 5.7 2.2 33
Re bdl  bdl - - bd.l  bdl - - bd.l  b.d.l - -
Sh 15 49 1.2 3.8 bd.l  b.dl - - 1.8 1.8 - 1.8
Se 7.9 64 18 35 8.9 22 9.3 15 18 42 74 32
Sn 31 9.3 2 6.8 2.7 12 6.6 74 b.d.l  bd.l - -
Te bdl  bdl - - bd.l  b.dl - - bd.l  bd.l - -
Ti 7 29 8.7 15 12 12 - 12 33 57 11 45
Tl bdl  bdl - - 6.3 6.3 - 6.3 bd.l  b.d.l - -
\Y 1.3 13 - 13 1.7 1.7 - 1.7 bdl  bd.l - -
w bdl  bdl - - bd.l  b.dl - - bd.l  bd.l - -
Zn 392 616 73 501 96 167 50 132 |62,700 62,700 0 62,700
Cd:Zn 0.008 0.008 - 0.008 na. n.a. n.a. na. | 0.003 0.003 - 0.003

Abbreviations: AVG = average value, b.d.l. = below detection limit, MIN = minimum value, MAX = maximum
value, n = number of analyses, STDEV = standard deviation.

The highest concentrations in base metals include up to 616 ppm Zn, up to 30 ppm
Mn, up to 21 ppm Cr, up to 18 ppm As and up to 17 ppm Pb in Cpyl, as well as up to
43 ppm Ni and up to 12 ppm Sn in Cpy2 (Table 7.6). In Cpyl, Ag (<106 ppm), Au
(<4.5 ppm), In (<4.4 ppm), Se (<64 ppm) and Ti (<29 ppm) are incorporated in higher
contents, whereas chalcopyrite (Cpy2) is more enriched in Co (<64 ppm), Ge (<8.6

ppm) and V (<1.7 ppm) (Table 7.6, Figure 7.8a). Bismuth (<18 ppm), Cd (<4.7 ppm),
Ga (<0.73 ppm), Hg (<1.4 ppm) and Sb (<4.9 ppm) are only contained in Cpy1l (Table
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7.6, Figure 7.8a). Nb, Re, Te and W are characterized by contents below detection
limits (Table 7.6, Figure 7.8a).
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Figure 7.8. Average values of critical and rare metals contents of chalcopyrite (a) from the
polymetallic quartz veins and the quartz-pyrite veins, and of sphalerite (b) from the
polymetallic quartz veins. Local enrichments related to nano-scale mineral inclusions

are excluded.

Contents of Zn (<746 ppm) and Pb (<23 ppm) in Cpyl and of Pb (<1,697 ppm)
and Mn (<1,063 ppm) in Cpy2 are ascribed to nano-scale mineral inclusions
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(Supplement 2: Table S3-13). Critical and rare metals related to nano-scale mineral
inclusions include Ag (<125 ppm), Bi (<25 ppm) and Sb (<2.8 ppm) in Cpyl, as well
as Ag (<75 ppm), Bi (<229 ppm), Sb (<57 ppm), Th (<0.82 ppm) and U (<1.1 ppm)
in Cpy2 (Supplement 2: Table S3-12).

Sphalerite (Sph1) from the polymetallic quartz veins exhibits enrichments in base
metals including Cu (<1,060 ppm), Mn (<737 ppm) and Pb (<5.7 ppm) (Table 7.6).
Critical and rare metals comprise Ag (<59 ppm), Au (<0.84 ppm), Bi (<2.6 ppm), Cd
(<2,015 ppm), Co (<151 ppm), Ga (<0.81 ppm), Hg (<20 ppm), In (<20 ppm), Sb
(<1.8 ppm), Se (<42 ppm) and Ti (<5.7 ppm) (Table 7.6, Figure 7.8b). Nano-scale
mineral inclusions in Sphl are related to Cu (<1,684 ppm), Pb (<128 ppm) and Bi
(<15 ppm) (Supplement 2: Table S3-14).

7.3.6. Statistical analysis of trace elements concentrations

Pearson product-moment correlation coefficients for arsenopyrite, pyrite and
chalcopyrite were calculated for Laodikino. Trace element concentrations related to
nano-scale mineral inclusions were excluded before the statistical analyses.

Pearson product-moment correlation coefficients for arsenopyrite are defined by
significant positive correlations (p <0.01, value = 0.918) for the elemental pair Ag-Au
(Supplement 3: Table S4-18). Positive correlations (p <0.05, values >0.665) include
the pairs Ag-Co, Ag-Te and Au-Co (Supplement 3: Table S4-18). Negative
correlations were not defined.

In pyrite, Pearson product-moment correlation coefficients are characterized by
significant positive correlations (p <0.01, values >0.37) defined for the elemental
pairs Au-Te, Bi-Hg and Co-Se (Supplement 3: Table S4-15). Positive correlations (p
<0.05, values >0.304) were defined for Ag-Se and Hg-W, while negative correlations
were not defined (Supplement 3: Table S4-15).

Chalcopyrite is described by significant positive correlations (p <0.01, values
>0.749) including the elemental pairs Ag-In, Ag-Sb, Co-V, Hg-Ti, In-Sb, In-Se and
Sb-Se (Supplement 3: Table S4-16). Positive correlations (p <0.05, values >0.564)
were defined for the pairs Ag-Se, Bi-Sb and Bi-Se (Supplement 3: Table S4-16).
Significant negative correlation (p <0.01, value = -1.000) include the elemental pair
Nb-W, and negative correlation (p <0.05, value = -0.554) the pair In-V (Supplement
3: Table S4-16).
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Sphalerite is characterized by significant positive correlations (p <0.01, value =
0.792) defined for the elemental pair Ag-Au, and by positive correlation (p <0.05,
value = 0.633) for the pair Co-Sb (Supplement 3: Table S4-17). Significant negative
correlations (p <0.05, values >-0.803) for sphalerite include the elemental pairs Cd-V,
Cd-W, Nb-W, Nb-W, Te-V and Te-W (Supplement 3: Table S4-17). Nevertheless, it
should me mentioned that the Cd, V, W, Nb and Te contents are below detection

limits in sphalerite.

7.4. Discussion

The polymetallic massive (>80 wt.% of ore, <10 cm in width) and quartz veins
(<5 cm in width), as well as the quartz-pyrite veins (<5 cm in width) at Kolchiko are
hosted in mica-schist (Table 7.1). The mineralization styles at Kolchiko were formed
by various phases of hydrothermal fluids introduced in the region through distinct sets
of faults, mainly between Eocene and Miocene, and under temperatures varying
approximately between 240 and 444 °C. The mineralogical and textural
characteristics of the polymetallic massive veins suggest that their formation initiated
slightly before the onset of the retrograde greenschist facies metamorphism (M5
event: T = 300-550 °C, P <5 kb, Kourou 1991, Kilias et al. 1999). The formation of
the polymetallic massive veins continued during the Eocene to early Oligocene post-
collisional D4 deformation event under retrograde greenschist facies metamorphism
and was coeval to the emplacement of the milky quartz-chlorite veins (T = 304-328
°C, chlorite geothermometry, Patsiouri 2017) and to the dolerite dikes (Kourou 1991).
The dolerite dikes could have contributed in adjusting thermal conduits, forwarding
hydrothermal fluid circulation, and the leaching and transportation of metals.

Later, the onset of the Oligocene-Miocene brittle deformation related to NW-
trending normal faults, to NE-SW-trending normal to oblique, and to N-S-trending
strike-slip faults induced hydrothermal fluids circulation and mixing with meteoric
water, and created open spaces facilitating degassing, fluid pressure drop and mineral
precipitation (Kilias et al. 1999). Thus, the development of the polymetallic quartz
veins and the quartz-pyrite veins could have been coeval with the onset of the late
Oligocene to early Miocene dextral strike-slip fault zone along the western edge of the
SMM. The development of this zone was associated with transpressional to
transtensional tectonics and resulted in the SW-vergent thrusting of the Vertiskos Unit

over the Permian-Lower Triassic quartzite of the CRB and the Oligocene-Miocene
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molassic sediments of the Mygdonia graben (Kilias 2021, Figure 2.1, 7.1). Younger
structures associated with Miocene to Pliocene normal faults (S43E/83°SW in
average) are unrelated to mineralization and overprint all the previous mineralization
stages and sets of faults. Thus, it is suggested that any significant mineralizing activity
was terminated during Miocene. Similar formation conditions have been suggested for
the adjacent Drakontio metamorphic- and quartz-hosted polymetallic vein
mineralization and the Laodikino metamorphic and quartz hosted, shear-zone related,
polymetallic vein mineralization (Thymiatis 1995, Vavelidis et al. 1999).

The textural characteristics of the polymetallic massive veins indicate the effect of
metamorphism on the metallic minerals. Arsenopyrite and pyrite exhibit cataclastic
textures and annealing (Figure 7.3a-c). Both minerals display 120° dihedral angles,
while porphyroblasts are common. These textures are the simplest response of
monominerallic masses of pyrite and arsenopyrite to thermal increase during
metamorphism (Craig et al. 1998). In contrary, textures ascribed to metamorphism are
absent from the metallic minerals accommodated in the polymetallic quartz veins and
the quartz-pyrite veins (Figure 7.3d-f). The polymetallic quartz veins are
characterized by open space filling textures as no directional relation is observed
between quartz and metallic minerals (Figure 7.2e). Furthermore, the formation of the
quartz-pyrite veins is associated with crack and seal processes as pyrite and minor
chalcopyrite appear only along cracks in quartz and between quartz boundaries
(Figure 7.2f, 7.3f). Locally, massive arsenopyrite is related to fracturing, opening and
brecciation of pre-existing milky quartz veins (Figure 7.2d).

The average formation temperature for arsenopyrite is 398 °C (T = 344 °C to 444
°C after arsenopyrite geothermometry, Patsiouri 2017). High temperatures could favor
the formation of cubanite, which instead is missing. According to Patsiouri (2017) the
presence of chalcopyrite and pyrrhotite could be related to the transformation of
cubanite under retrograde metamorphism. Lower temperatures varying between 235
and 271.5 °C are associated with the presence of galenobismuthinite and native
bismuth (Patsiouri 2017). In addition, previous fluid inclusions study of quartz from
the polymetallic massive veins held by Patsiouri (2017) revealed homogenization
temperatures varying between 162 and 284 °C, with a maximum at 240 °C, and low
salinities (5.1 to 14.2 wt.% NaCl equiv.). According to Patsiouri (2017) the nature of
the studied fluid inclusions could not suggest the direct magmatic origin of the fluids

associated with the ore assemblages in Kolchiko. Nevertheless, the absence of fluid
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inclusions consisting of CO, and CH,, also excludes the direct relation to
metamorphic fluids (Patsiouri 2017). Similar homogenization temperatures with a
maximum at 230 °C, and low salinities (4 to 12 wt.% NaCl equiv.) are also reported
from the Stanos shear-zone hosted Cu-Au-Bi-Te mineralization (Bristol et al. 2015,
Figure 2.2). At Stanos the ore mineralization is associated with proximal or distal
intrusions and extension-related shearing set under upper greenschist to lower
amphibolite facies metamorphism (Bristol et al. 2015).

The bulk geochemical analysis of the mineralized veins, the pegmatite, and the
hydrothermally altered and oxidized metamorphic rocks reveal similar distribution
patterns including specific enrichments (Figure 7.4). The hydrothermal fluids related
to the formation of the polymetallic massive veins were initially saturated in As, Fe
and S, resulting in the formation of arsenopyrite- and pyrite- dominated veins. This
process was subjected to specific physico-chemical conditions. The absence of arsenic
sulfides (e.g. realgar, orpiment) suggests that As massively precipitated along with Fe
and S in temperatures exceeding 300 °C, and further complements the reported
temperatures (Pokrovski et al. 2002, Patsiouri 2017). In continuous, the residual
amount of As precipitated in arsenian pyrite in the pyrite-dominated polymetallic
massive veins. Pyrite with As contents exceeding 1 wt.% is commonly referred to as
arsenian pyrite with formation temperatures varying between 250 and 300 °C (Wells
and Mullens 1973, Pokrovski et al. 2002, Stepanov et al. 2021).

The polymetallic massive veins are enriched in Au (<9.2 ppm), Ce (<20 ppm), La
(<12 ppm), U (<2.5 ppm) and W (<844 ppm) (Table 7.2, Figure 7.4). Gold
precipitation was significantly controlled by As precipitation. Arsenopyrite (Apyl)
incorporates up to 3.5 ppm Au, pyrite (Py2) (arsenian pyrite) includes up to 1.3 ppm
Au, while Pyl contains up to 0.59 ppm Au (Table 7.4, 7.5). Uranium is related to
uraninite found along with zircon in pyrite from the polymetallic massive veins
(Patsiouri 2017). Cerium and La are not associated to Apyl, Pyl and Py2, as REE
were not detected in arsenopyrite and pyrite, and are not commonly hosted in these
minerals (Deditius et al. 2011, Li et al. 2019, Figure 7.7). Thus, Ce and La contents
could be ascribed to trace minerals, such as titanite (Xu et al. 2015). W is absent from
Apyl and may be related to Py2 (Figure 7.7).

The hydrothermal fluids associated with the polymetallic quartz veins mainly
included Fe, Cu, As, Pb and Zn resulting in the precipitation of pyrite, chalcopyrite,
arsenopyrite, galena and sphalerite. Pyrrhotite is found as inclusions in pyrite
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reflecting shifts in fO./fS, conditions of the mineralizing fluids. The polymetallic
quartz veins are more enriched in critical and rare metals compared to the
polymetallic massive veins. Enrichments in Bi (<995 ppm), Ag (<23 ppm) and Te (<3
ppm) are ascribed to the occurrence of native bismuth, hessite and tellurobismuthite
(Table 7.2, Figure 7.4). In a minor extent they are incorporated in pyrite (Py3),
chalcopyrite (Cpyl) and sphalerite (Sphl) (Figure 7.7b, 7.8a,b). In addition, the Cd
(<14 ppm), Co (<320 ppm), Ga (<2.4 ppm) and In (<0.44 ppm) could be related to
pyrite and sphalerite mineral chemistry. Pyrite (Py3) contains up to 623 ppm Co,
while sphalerite (Sphl) is a major host of Cd (<2,015 ppm), Ga (<0.81 ppm) and In
(<20 ppm) (Table 7.5, 7.6).

The hydrothermal fluids related with the formation of the quartz-pyrite veins were
mainly associated with Fe and minor Cu contents. Pyrite (Py4) is the main metallic
mineral, while chalcopyrite occurs in traces (Figure 7.3f). The critical and rare metals
contents are more depleted compared to those of the other mineralization styles
(Figure 7.4). The spiky patterns for Au, Bi, Co, Hg, Sb and Te reported from bulk
geochemistry are indicative of the nature of the mineralizing fluids (Figure 7.4).
Pyrite (Py4) incorporates the highest concentrations of Bi (<4 ppm), Co (<2,155 ppm)
and Hg (<0.81 ppm) among the examined pyrites (Figure 7.7b). The Sb (<183 ppm)
content in the quartz-pyrite veins is the second most enriched among the analyzed
samples, while Te (<0.12 ppm) is slightly more enriched than the background values
of the hydrothermally altered and oxidized metamorphic rocks (Figure 7.4). Antimony
(<8.1 ppm) is incorporated in Py4 and is missing from Cpy2, while Te is below
detection limit in Py4 and Cpy2 (Table 7.5, 7.6).

Pitcrain et al. (2006) have shown that the mobility of trace elements including Au,
Ag, As, Sb, Hg, Cd, Mo and W is affected by the grade of metamorphism. Under
upper greenschist to amphibolite metamorphic facies they can be efficiently leached
from the metamorphic rocks and mobilized for significant distance. In addition, Au,
Cd, Hg and Sb can also be leached under low greenschist facies metamorphism
(Pitcrain et al. 2006). Thus, the enrichment of these trace elements, especially in the
polymetallic massive veins (e.g. Au, W), through metamorphic processes could not be
excluded. Nevertheless, the metal association of Cu, Pb, Bi, Co, In, Se and Te support
that intrusion-related hydrothermal fluids participated in the mineralizing fluids as this
was documented in Stanos mineralization, which shares similar characteristics with
Kolchiko (Voudouris et al. 2007, 2013c, Bristol et al. 2015).
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In Greece, the telluride and bismuth sulfosalt mineralizations associated with gold
are subdivided in three groups (Voudouris et al. 2007): a) Bi-sulfosalts and native
gold without tellurides, b) Bi-tellurides accompany Bi-sulfosalts, native bismuth and
gold, and c) Au-Ag-tellurides without Bi-tellurides and Bi-sulfosalts. The presence of
galenobismuthinite, hessite, tellurobismuthite, as well as native bismuth and gold at
Kolchiko, suggest that the mineralization belongs to the second category.
Furthermore, tellurobismuthite (Bi,Tes, Bi:Te<1) indicates oxidizing conditions
during the formation of the polymetallic quartz veins (Voudouris et al. 2007).

7.4.1. Mineral chemistry of arsenopyrite and pyrite and nano-scale inclusions

Arsenopyrite (Apyl) is characterized by depleted contents of base (Cr, Cu, Mn,
Ni, Pb), as well as of critical and rare metals (Co, Sh, Se, Ti, Te, Au, Ag, Hg, TI),
which may be lattice bound or incorporated as nanoparticles in growth zones (Table
7.4, Figure 7.7a). In addition, Pearson product-moment correlation coefficients
support that the incorporation of Au-Co, as well as of Ag-Au, Ag-Co and Ag-Te is
significantly coeval.

Nano-scale inclusions related to Bi and Pb are found in arsenopyrite (Supplement
2: Table S3-11). On the basis of the associated ore mineralogy they could be ascribed
to galenobismuthinite (Table 7.1, Figure 7.9a).

Pyrite (Pyl1-4) from the various mineralization stages is associated with variable
contents of base, critical and rare metals (Table 7.1, 7.5). Base metals include As, Zn
and Sn in Py2, Mn and Cr in Py3, and Ni, Pb and Cu in Py4 (Table 7.5). Arsenic
exceeding 1 wt.% reflects the presence of arsenian pyrite in Py2 from the pyrite-
dominated polymetallic massive veins (Table 7.5). Critical and rare metals
incorporated in pyrite lattice include Ag, Au, Sb, Se and Ti in Py1, Ag, Au, Bi, Co, In,
Sh, Se, Te, Ti, Vand W in Py2, Ag, Au, Bi, Co, Hg, Sb, Se, Ti and W in Py3, and Ag,
Bi, Co, Hg, Sb, Se, Ti, V and W in Py4 (Table 7.5, Figure 7.7b). The arsenian pyrite
from the Py2 group contains the highest concentrations of Au (<1.3 ppm)
incorporated in crystal lattice (Table 7.5).

The concentrations of trace elements including Bi, Cu, Pb, Sb and Tl in Py1, Ag,
As, Bi, Cu, In, Pb, Sb, Sn and Zn in Py2, Ag, Bi, Cu, Pb, Sb and Zn in Py3, and Bi
and Cu in Py4, in comparison to their time-resolved laser ablation ICP-MS depth
profiles indicate the presence of nano-scale mineral inclusions in pyrite from the
various mineralization styles (Supplement 2: Table S3-12). It could be suggested that
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these inclusions are mostly related to galena and native bismuth (Pyl, Py3), and to
galenobismuthinite (Py1, Py2) (Figure 7.9b-d). In Py4, nano-scale inclusions could be

related to chalcopyrite.
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Figure 7.9. Selected time-resolved laser ablation ICP-MS depth profiles of arsenopyrite

(Apyl) and pyrite (Py1, Py2, Py3) from the polymetallic massive and quartz veins at
Kolchiko. Nano-scale mineral inclusions are highlighted in gray. a. In Apyl, the
ablation patterns of Fe, Co and Sb exhibit similar distribution to Fe, while the ablation
patters of Bi and Pb suggest the occurrence of nano-scale inclusions in Apyl most
possibly related to boulangerite. b. In Py1, the spiky patterns of Bi and Pb indicate the
presence of galenobismuthinite and/or native Bi. The ablation patterns of As and Sb
are variable and locally spiky suggesting the variable incorporation of these trace
elements in Pyl. c. In Py2, the distribution patters of Fe and As are similar
highlighting the As-rich character of the pyrite. The ablation patterns of Bi, Pb and
Ag are similarly variable across the plot area, supporting the occurrence of Ag-rich

galenobismuthinite and/or galena nano-scale inclusions in Py2. d. In Py3, the
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distribution patterns of Fe, Co, Mn and Ni are similar suggesting that these elements
are hosted in the pyrite lattice. The distinct spiky patterns of Pb, Bi and Ag emphasize

the occurrence of Ag-rich galena and native bismuth nano-scale inclusions.

7.4.2. Mineral chemistry of chalcopyrite and sphalerite and nano-scale inclusions

Base metals in chalcopyrite from Kolchiko include As, Cr, Mn, Pb and Zn in
Cpyl, and Ni and Sn in Cpy2 (Table 7.6). In Cpyl, critical and rare metals comprise
Ag, Au, Bi, Cd, Co, Ga, Ge, Hg, In, Sb, Se, Ti and V, whereas in Ag, Au, Co, Ge, In,
Se, Ti and V are found in Cpy2 (Figure 7.8a). These elements are incorporated in

chalcopyrite lattice.
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Figure 7.10. Selected time-resolved laser ablation ICP-MS depth profiles of chalcopyrite
(Cyl) and sphalerite (Sphl) from the polymetallic quartz veins at Kolchiko.
Associated nano-scale inclusions are highlighted in gray. a. In Cpyl, the spiky
distribution patterns Bi and Pb indicate the occurrence of galenobismuthinite nano-
inclusions in chalcopyrite. Zinc, Ag and Sb are incorporated both in chalcopyrite and
in galenobismuthinite. b. In Sph1l, the distribution patters of Cu, Fe, Mn, Co and In
similar suggesting that these elements are included in sphalerite. The curved patterns
of Cu, Pb, Ag, Hg and Bi indicate that these elements are hosted both in Sphl and in

nano-scale inclusions of chalcopyrite.

In contrary, the concentrations of specific trace elements and their time-resolved
laser ablation ICP-MS depth profiles suggest that chalcopyrite hosts nano-scale
mineral inclusions (Supplement 2: Table S3-13). In Cpyl, variable contents of Zn, Pb,

as well as of Ag, Bi and Sb are ascribed to sphalerite and galenobismuthinite
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occurring as nano-scale inclusions (Figure 7.10a). In Cpy2, elevated contents of Pb
could be related to nano-scale galena inclusions.

Sphalerite (Sph1) includes base metals (Cu, Mn, Pb), and critical and rare metals
(Ag, Au, BI, Cd, Co, Ga, Hg, In, Sb, Se, Ti) (Table 7.6, Figure 7.8b). The trace
elements are incorporated in Sphl as solid solutions. Nano-scale mineral inclusions
are hosted in Sphl and they are related to elevated contents of Cu, Pb and Bi
suggesting the occurrence of chalcopyrite and galena (Supplement 2: Table S3-14,
Figure 7.10b).
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CHAPTER 8 ASPRA CHOMATA PORPHYRY-
EPITHERMAL MINERALIZATION

8.1. Local geology

The Aspra Chomata porphyry-epithermal mineralization is associated with the
Stratoni granodiorite (Figure 8.1). The Stratoni granodiorite is a NE-elongated
magmatic intrusion located north of the Stratoni fault zone in NE Chalkidiki (Siron et
al. 2016, Figure 8.1). The Stratoni fault zone (WNW-ESE-trending normal to oblique
faults; approx. 12 km in length) is the major tectonic feature, which fragments the
Chalkidiki block and separates the Kerdylion Unit (Rhodope Massif) to the north
from the Vertiskos Unit (Serbo-Macedonian Massif) to the south (Kydonakis et al.
2016, Figure 8.1). Another regional major structure is the Megali Panaghia-Gomati
fault (Figure 2.2).

The metamorphic rocks at the footwall of the Stratoni fault zone include mainly
migmatitic gneiss, biotite gneiss, and granite gneiss, as well as intercalated lenses of
marble and amphibolite belonging to the Kerdylion Unit (Siron et al. 2018, Figure
8.1). The hanging wall consists mainly of two-mica gneiss and schist, which are
intercalated with amphibolite, calc-schists, and marble of the Vertiskos Unit (Siron et
al. 2018, Figure 8.1). Along the Stratoni fault zone, as well as on the hanging wall,
amphibolite, gabbro, and serpentinized peridotite are found. These rocks are related to
Triassic rifting that resulted in the opening of the Vardar Ocean (Thermes-Volvi-
Gomati complex after Dixon and Dimitriadis 1984, Siron et al. 2016, Figure 8.1).
These rocks were formed in an intracontinental rift or back-arc environment above an
active subduction and were incorporated in the Vertiskos and Kerdylion Units during
the later Alpine Orogeny (Dixon and Dimitriadis, 1984; Himmerkus et al. 2006).

Siron et al. (2018) describe three deformation events affecting the metamorphic
rocks of the area. The D1 deformation event is characterized by a locally preserved
compositional layering found in gneiss and marble at the northern part of the area.
This layering is transformed to a penetrative S1 gneissosity affecting the late
Paleocene to Eocene (58 Ma) granodiorites of the area (Siron et al. 2018, Figure 8.1).
An amphibolite facies metamorphism is concurrent to the D1 deformation event
(Siron et al. 2018). Pegmatites related to metamorphism occur parallel to the gneiss
layering and as dikes crosscutting the metamorphic rocks (Siron et al. 2018). In

addition, the D1 deformation event is related to the fold geometry occurring at the
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footwall of the Stratoni fault zone, as well as to a broad anticlinorium at the hanging

wall southwards of the fault zone (Siron et al. 2018).
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Figure 8.1. a. Geological map of the Stratoni and Mavres Petres area showing the location of
the Aspra Chomata porphyry deposit and epithermal vein mineralization. b. Cross
section of the Stratoni granodiorite and the Aspra Chomata deposit (modified after
Siron et al. 2016, Siron et al. 2018).

The D2 deformation event overprinted the S1 foliation and developed the S2

ductile fabric under upper greenschist- to lower amphibolite-facies metamorphism
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(Siron et al. 2018). Open to tight folds with inclined to near-recumbent axial planes
are related to the D2 event (Siron et al. 2018). The D3 deformation event
superimposed the S3 fabric related to pressure solution cleavage in marble and to
cleavage domains wrapping S1 and S2 foliation and anastomosing fractures in schist
and gneiss (Siron et al. 2018). Furthermore, the D3 event is associated with the local
development of kink folds (Siron et al. 2018).

A subsequent event developing moderate- to shallow-dipping ductile mylonitic to
protomylonitic shear zones is described by Siron et al. (2018). These mylonitic shear
zones postdate S1 and S2 metamorphic fabrics and accommodate a greenschist-facies
related mineral assemblage, including muscovite and chlorite (Siron et al. 2018). In
addition, pegmatites and granite dikes and sills are found in the mylonitic shear zones
(Siron et al. 2018). Two ductile kinematic phases have been described and include an
older contractional event and a younger extensional event (Siron et al. 2018).

The Stratoni fault zone, initially acting as a mylonitic normal fault under SW-
directed ductile extension, was later overprinted by synmineral semibrittle faults
(Siron et al. 2018). During this stage, deformation rate was accelerated by
hydrothermal fluids, which were introduced along the fault planes and developed a
distinct shear-related foliation (Siron et al. 2018). Brittle deformation in the area
includes the following sets of faults: 1) late Oligocene to early Miocene ENE-WSW-
trending, synmineral, faults demonstrating E-W extension, 2) middle to late Miocene
postmineral faults related to NE-SW-directed extension (e.g. Vathilakkos strike-slip
fault, Figure 8.1), and 3) late Quaternary faults related to the N-S extension and active
tectonism (Kilias et al. 1999, Pavlides et al. 2010, Siron et al. 2018).

Post-collisional Cenozoic magmatic rocks at NE Chalkidiki occur mainly along a
NE-trending belt (<10 km in width) covering an area of approximately 484 km?,
which is outlined by the Stratoni and Megali Panaghia-Gomati fault zones (Gilg and
Frei 1994, Hahn et al. 2012, Siron et al. 2016, 2018, 2019). Two Cenozoic igneous
suites are identified in the area, reflecting two distinct post-collisional magmatic
episodes, a late Oligocene and an early Miocene episode (Siron et al. 2018). The late
Oligocene igneous suite, includes monzogabbros and granodiorites clustered in the
Tsikara composite stock (27.0 £ 0.2 to 26.7 + 0.3 Ma), and in the Stratoni granodiorite
stock and the Fisoka porphyritic diorite stock (25.7 + 0.4 to 24.5 = 0.1 Ma) (Siron et
al. 2016). The early Miocene igneous suite comprise the Skouries quartz monzonite
porphyry stock (20.6 + 0.5 Ma, Figure 2.2), the highly potassic glomerophyric
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porphyry dikes crosscutting the Stratoni fault zone and the Olympias deposit (Figure
8.1), the barren Asprolakkos quartz monzonite porphyry (19.7 + 0.1 Ma, Figure 2.2),
the trachyandesite black-matrix porphyries crosscutting the Madem Lakkos deposit,
and the glomerophyric dikes intruding the Vathilakkos fault (19.6 = 0.1 Ma) (Gilg and
Frei 1994, Hahn et al. 2012, Siron et al. 2016, 2018, 2019, Figure 8.1). Both igneous
suites exhibit high-K calc-alkaline affinities. The igneous suite related to the early
Miocene episode includes also a more evolved shoshonitic fragment (Kroll et al.
2002).

The Stratoni granodiorite outcrops in an area of approximately 1.5 km? and
includes also a minor porphyritic phase at Aspra Chomata (Gilg and Frei 1994, Figure
8.2a). This porphyritic phase is exposed at the northern and topographically highest
part of the intrusion and is characterized by granodiorite porphyry (Gilg and Frei
1994, Siron et al. 2016, Figure 8.1). The granodiorite stock intruded the footwall of
the Stratoni fault zone along a south-dipping limb of an antiform (Siron et al. 2016).
The metamorphic rocks include a sequence of biotite gneiss, amphibolite, and marble
of the Kerdylion Unit (Siron et al. 2016). The contact between the granodiorite and
metamorphic rocks is sharp and discordant to metamorphic foliation. The granodiorite
is barren and a restricted calc-silicate skarn occurs at the western contact of the
granodiorite within the gneiss (Siron et al. 2016).

The granodiorite has a crystallization age of 25.36 + 0.15 Ma (“®Pb/?*®U zircon
dating, Siron et al. 2016), while the granodiorite porphyry was dated at 24.53 + 0.31
Ma (*°°Pb/?8U zircon dating, Siron et al. 2016). This porphyritic phase includes also
zircons yielding an age of 25.78 + 0.31 Ma (*®Pb/?*®U zircon dating), which are
considered to be inherited by the granodiorite (Siron et al. 2016).

The Stratoni granodiorite is a fine to medium grained rock exhibiting equigranular
to weakly porphyritic texture and including minor diorite phases (Kalogeropoulos et
al. 1990, Siron et al. 2016). It consists of K-feldspar, plagioclase, biotite, and minor
clinopyroxene, with accessory zircon, apatite, titanite and magnetite, set in a quartz-
feldspar groundmass (Siron et al. 2016). The granodiorite porphyry consists of quartz,
plagioclase, K-feldspar and biotite (Gounaris 2017).

In the Stratoni granodiorite the hydrothermal alteration mineral assemblage
consists of chlorite, sericite, epidote, titanite and calcite (chloritic-sericitic alteration,
advise also Table 8.1) (Siron et al. 2016). Metallic minerals include disseminations of
pyrite and traces of chalcopyrite (Siron et al. 2016). At the southern part of the
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granodiorite stock, near the Stratoni fault zone, mineralized veins with pyrite and

galena are found (Siron et al. 2016).

D-type veins

ok
AW e N ¥ £ g W T

Figure 8.2. a. D-type veins with oxidized mineralization, crosscutting the hydrothermally
altered granodiorite porphyry at Aspra Chomata. b. Intersecting D-type veins
enveloped in alteration salvage. c. A branched D-type vein with quartz and oxidized

mineralization in the inner part. d. Pyrite aggregate and goethite in a D-type vein.
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8.2. Alteration styles and mineralization stages

Porphyry and epithermal mineralization stages occur at Aspra Chomata. The
porphyry stage is related to potassic, chloritic-sericitic, and sericitic alterations, while
the epithermal stage is associated with argillic alteration (Table 8.1). The potassic
alteration at Aspra Chomata corresponds to an early and restricted hydrothermal
stage, which was followed by chloritic-sericitic and sericitic (D-type veins) alterations
(Figure 8.3a-c). The epithermal stage is associated to a late overprint (Gounaris 2017,
Figure 8.3d). The ore mineral assemblages ascribed to these alterations include: (1)
pyrite + chalcopyrite (potassic alteration), (2) pyrite (chloritic-sericitic and sericitic
alterations), and (3) pyrite + sphalerite + boulangerite + arsenopyrite + galena +

chalcopyrite + tetrahedrite (epithermal overprint) (Table 8.1).

Table 8.1. Summary of the typology, alteration and textural characteristics of the
mineralization stages found at the Stratoni granodiorite stock and at Aspra Chomata.

Mineralization Alteration Host Mineralization Metallic Alteration Reference
stage style rock texture assemblage assemblage
Potassic
(overprinted by Granodiorite . A Gounaris (2017),
chloritic- porphyry Disseminations Py + Cpy Bt+Qz £ Rt this study
sericitic)
- . - Chl + Ser + Ep
- . + .
Porphyry Chl(.)r.'t.lc Granodiorite Disseminations Py Cpy + Ttn + Cal Siron et al. (2018)
sericitic -
Quartz veins Py + Gn
Chloritic- . A Chl + Ser + Qz
sericitic Disseminations Py +Rt+ Cal
Sericitic Disseminations Py Ser + Qz
Granodiorite —2-YPe Veins Py Sert Q2 Gounaris (2017),
. - porphyry . . Py + Sph + Boul this study
Epithermal Argillic Epithermal veins + Apy + Gn + Cpy Kin
+ Ttr
Superg_ene _OX|d!zed_ Encrustations and Gt +Mal )
oxidation  mineralization masses

Abbreviations: Apy = arsenopyrite, Boul = boulangerite, Bt = biotite, Cal = calcite, Chl = chlorite,
Cpy = chalcopyrite, Ep = epidote, Gn = galena, KlIn = kaolinite, Py = pyrite, Qz = quartz, Rt = rutile,
Ser = sericite, Sph = sphalerite, Ttn = titanite, Ttr = tetrahedrite.

Potassic alteration consists of secondary biotite, quartz, and minor chlorite,
kaolinite and rutile (Figure 8.3a, 8.4a). The potassic alteration in the granodiorite
porphyry is weak and includes pyrite disseminations (<200 um in length), with minor
chalcopyrite (Gounaris 2017). Potassic alteration was overprinted by chloritic-sericitic
alteration.

The chloritic-sericitic alteration includes chlorite, sericite, quartz, rutile and calcite
(Figure 8.3b, 8.4b,c). In addition, epidote and titanite occur in the granodiorite (Table
8.1). The chloritic-sericitic alteration overprints the potassic alteration, and results in

153



the replacement of magmatic plagioclase by sericite and of hydrothermal biotite by
chlorite and rutile. Pyrite is the only metallic mineral in the granodiorite porphyry,
while minor chalcopyrite also occurs in the granodiorite. The chloritic-sericitic
alteration is characterized by continuous quartz veins (<2 cm in width) with minor
chlorite and calcite in the granodiorite (Figure 8.3b). Furthermore, quartz veins with

pyrite and galena occur in the granodiorite (Siron et al. 2016).

Qz+Chl+Cal veins|

@lcm

Figure 8.3. Mineralization stages and alteration styles from Aspra Chomata. a. Malachite

impregnations in the granodiorite porphyry showing potassic overprinted by chloritic-
sericitic alteration. b. Hydrothermal veins related to chloritic-sericitic alteration with
quartz (Qz), chlorite (Chl), and calcite (Cal) crosscutting the granodiorite porphyry. c.
Quartz D-type veins associated with sericitic alteration, with pyrite mineralization
partly oxidized to goethite (Gt). d. Epithermal quartz (Qz) vein containing pyrite (Py),
boulangerite (Boul), and sphalerite (Sph).
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The sericitic alteration in the granodiorite porphyry comprises sericite and quartz
(Gounaris 2017, this study, Figure 8.3c, 8.4d). Mineralization in sericitic alteration
forms pyrite disseminations and aggregates (<1 cm in length), and D-type veins
(Figure 8.2a-d). The D-type veins (<30 cm in width) are continuous, sharp-edged,
mainly sheeted and sometimes perpendicular (Figure 8.2a,b), or form a network in the
granodiorite porphyry (Figure 8.2b, 8.3c). At the northwestern part of the granodiorite
porphyry the quartz and the D-type veins extend in the surrounding metamorphic
rocks only for a few meters.

Figure 8.4. Photomicrographs of textures and minerals of the hydrothermal alterations in
granodiorite from Aspra Chomata (cross polarized light: a,c,d, plane polarized light:
b). a. Quartz (Qz), and plagioclase (PI) replaced by sericite (Ser), and hydrothermal
biotite (Bt) replaced by chlorite (Chl) from the potassic alteration overprinted by
chloritic-sericitic alteration. b. Magmatic biotite (Bt) altered to chlorite (Chl) and
rutile (Rt), from the chloritic-sericitic alteration. ¢. Quartz (Qz), chlorite (Chl) and
sericite (Ser) in a hydrothermal vein from the chloritic-sericitic alteration. d. Sericite
(Ser) in altered K-feldspars, and quartz (Qz) from the sericitic alteration.
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The epithermal overprint is documented locally at the northern part of the
porphyry system and includes base metal sulfide and quartz veins (Siron et al. 2016,
Gounaris 2017, this study, Figure 8.1, 8.3d). Intense bleaching of the wall rocks and
kaolinite are ascribed to argillic alteration. The epithermal stage is characterized by
polymetallic quartz veins in the granodiorite porphyry. They are up to 10 cm in width,
massive (>80 wt.% of ore), continuous, sharp-edged and branched in shapes (Figure
8.3d). The mineral assemblage contains pyrite, sphalerite, boulangerite, and minor
arsenopyrite, galena, chalcopyrite and tetrahedrite (Table 8.1, Figure 8.5a-f). Quartz
occurs as gangue mineral. It cements the ore minerals and forms combs on the walls
of the veins (Table 8.1, Figure 8.3d, 8.5a-f).

The surface of the granodiorite porphyry affected by the hydrothermal alteration
and supergene processes is clay-rich and the mineralization is oxidized. Malachite
impregnations are usually found due to the oxidation of chalcopyrite (Figure 8.3a),

while goethite and hematite are related to the oxidation of pyrite.

8.3. Analytical results

8.3.1. Bulk geochemical analysis

Six surface samples (Ach 01, Ach 04, Ach 07, Ach 12, Ach 08Bla, Ach 08B2b)
from the Aspra Chomata porphyry-epithermal mineralization were analyzed in respect
to their critical and rare metals endowment (Table 8.2). In addition, geochemical
analysis (samples: Ach 02, Ach 05, Ach 08B2) conducted by Gounaris (2017) were
adapted and co-evaluated in this research (Table 8.2). One sample (Ach 07) is from
the potassic alteration overprinted by chloritic-sericitic alteration of the granodiorite
porphyry. Five samples (Ach 01, Ach 02, Ach 04, Ach 11, Ach 12) are from the
sericitic alteration of the granodiorite porphyry. One sample is from a D-type vein
associated with the sericitic alteration affecting the granodiorite porphyry. Two
samples (Ach 08B1la, Ach 08B2, Ach 08B2b) were selected from the epithermal veins
(Table 8.2, Figure 8.6). The complete dataset of the bulk geochemical analysis is
given in Supplement 4, Table S1-5.

The bulk geochemical profiles of the analyzed samples show spiky patterns
reflecting distinct enrichments and depletions (Figure 8.6). In contrast, the
geochemical profile of the analyzed samples from the potassic overprinted by

chloritic-sericitic alteration of the granodiorite shows more flat patterns (Figure 8.6).
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Figure 8.5. Photomicrographs (plane reflected light) of the epithermal vein mineralization at
Aspra Chomata. a. Pyrite (Py) aggregates and overgrowths on sphalerite (Sph) and
boulangerite (Boul) in quartz (Qz) interstices. b. Euhedral sphalerite (Sph), pyrite
(Py) aggregates and boulangerite (Boul) in quartz (Qz). c. Sphalerite (Sph) and
euhedral pyrite (Py) replaced by boulangerite (Boul) in quartz (Qz). d. Euhedral
sphalerite (Sph), pyrite (Py), quartz (Qz) and boulangerite (Boul) in interstices. e.
Boulangerite (Boul) cements euhedral quartz (Qz). f. Euhedral pyrite (Py) and quartz
(Qz) cemented by sphalerite (Sph) and boulangerite (Boul).
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Table 8.2. Bulk geochemical analyses of selected critical and rare metals from Aspra
Chomata. Previously conducted geochemical analysis by Gounaris (2017) are also presented
and marked with an asterisk. For the full list of geochemical analyses advise Supplement 4,

Table S1-5.
Minesrtizlgi;ation Porphyry Epithermal
Host rock Granodiorite porphyry
Alteration Pot. Sericitic alteration D-t)_/pe Argillic
alt. vein
I Ach Ach Ach Ach Ach Ach Ach Ach Ach Ach
ppm | Detection limit |~y 04 01 02* | 11 12 05¢ | 08Bla | 08B2* | 08B2b
Ag 0.01 0.12 0.19 0.19 12 0.4 0.32 105 75 225 610
Au 5x10° 0.03 0.02 0.02 13 0.01 0.01 13 3 31 25
Bi 0.01 n.a. 0.32 0.18 18 0.14 3.8 1.2 1.3 0.35 0.52
Cd 0.01 n.a. 0.12 29 12 0.53 0.05 67 10 >10° 1,180
Ce 0.02 68 46 33 43 35 20 14 9.2 19 5.9
Co 0.1 n.a. 18 22 74 21 5.6 221 27 91 8.6
Ga 0.05 18 73 6.9 14 7 0.75 8.1 0.75 12 19
Gd 0.05 4 2.9 24 n.a. 25 13 n.a. 0.37 n.a. 0.31
Ge 0.05 n.a. 0.16 0.1 0.54 0.13 b.d.l 0.26 0.06 011 0.72
Hg 0.005 n.a. 0.02 0.03 n.a. 0.04 0.02 n.a. 31 n.a. 32
In 0.005 n.a. 0.01 0.01 0.09 b.d.l 0.02 5 0.01 0.15 0.28
La 0.2 38 22 16 24 17 14 9.3 5.1 17 32
Nb 0.05 9.6 0.46 0.09 5.1 0.12 b.d.l 0.4 0.12 0.1 b.d.l
Nd 0.1 26 18 14 n.a. 15 7.3 n.a. 35 n.a. 24
Re 0.001 n.a. 0.002 0.05 0.02 0.002 0.002 0.03 0.004 0.02 0.01
Sb 0.05 n.a. 0.46 12 242 2.1 3 2,848 2,374 >10* 39,570
Se 0.2 n.a. b.d.l. 0.5 5 0.2 14 46 2.2 1 2
Sm 0.03 47 34 2.6 n.a. 2.9 15 n.a. 0.57 n.a. 0.38
Ta 0.01 11 b.d.l b.d.l 0.91 b.d.l b.d.l 0.68 b.d.l 0.29 b.d.l.
Te 0.01 n.a. 0.04 0.01 0.27 0.02 0.4 0.46 0.13 0.41 0.03
Th 0.2 25 24 28 23 25 21 1.7 1.7 19 b.d.l.
Ti 50 5,000 4,700 400 1,200 300 b.d.l b.d.l b.d.l b.d.l b.d.l
u 0.05 8.6 6.6 10 38 6.6 25 23 0.62 1 31
\% 1 115 70 58 60 69 9 8 4 4 5
W 0.05 3 103 181 482 188 72 1,411 378 1,029 15

Abbreviations: alt. = alteration, chl.-ser. = chloritic-sericitic, b.d.l. = below detection limit, Pot. alt. = potassic
alteration overprinted by chloritic-sericitic alteration.

The D-type and the epithermal veins exhibit more enriched contents in critical and

rare metals, while the granodiorite porphyry affected by potassic overprinted by

chloritic-sericitic alteration is more enriched in Nb (<9.6 ppm), Ta (<1.1 ppm), Ti
(<5,000 ppm), V (<115 ppm), as well as in REE including, Ce (<68 ppm), Gd (<4
ppm), La (<38 ppm), Nd (<26 ppm) and Sm (<4.7 ppm) (Table 8.2, Figure 8.6).

Samples from the potassic overprinted by chloritic-sericitic alteration of the

granodiorite porphyry include lower amounts of critical and rare metals than those

from the sericitic alteration (Figure 8.6). The sericitically altered granodiorite
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porphyry is relatively more enriched in Bi (<18 ppm), Re (<0.05 ppm), Th (<28 ppm),
U (<25 ppm) (Table 8.2, Figure 8.6). The D-type veins are more enriched in Ce, La,
Nb, Re and U compared to the epithermal veins (Figure 8.6). The epithermal veins
contain up to 39,570 ppm Sh, up to 1,180 ppm Cd, up to 610 ppm Ag, up to 32 ppm
Hg, up to 3.1 ppm Au, while the D-type veins are more enriched in Au (<13 ppm), Co
(<221 ppm), In (<5 ppm), Se (<46 ppm), Te (<0.46 ppm) and W (<1,411 ppm) (Table
8.2).

1,000,000
-l Potassic alteration (overprinted by chloritic-sericitic); Granodiorite porphyry; Ach 07
©- Sericitic alteration; D-type vein; Ach 05
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Figure 8.6. Upper continental crust (UCC) normalized logarithmic spider diagram of the
analyzed samples from the Aspra Chomata porphyry deposit and epithermal vein

mineralization (UCC normalized values after Rudnick and Gao 2003).

Pearson product-moment correlation coefficients and associated p-values were
calculated for the bulk geochemical analyses (Supplement 3: Table S4-4). Significant
positive correlations (p <0.01, values > 0.825) were obtained for the elemental pairs
Ag-Cd, Ag-Hg, Ag-Sh, Bi-Nb, Cd-Hg, Cd-Sh, Ce-La, Ce-Th, Ce-Ti, Ce-V, Co-In,
Co-Se, Co-W, Ga-Ge, Gd-Nd, Gd-Sm, Hg-Sb, In-Se, La-Th, La-Ti, La-V, Nd-Sm and
Th-V (Supplement 3: Table S4-4). Positive correlations (p <0.05, values between
0.685 and 0.785) were defined for the pairs Ag-Ga, Ag-Ge, Bi-Ta, Cd-Ga, Cd-Ge,
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Co-Ta, Gd-Th, Gd-V, Ge-Hg, Ge-Sb, Nd-Ta, Nd-Th, Nd-V, Sm-Th, Sm-V and Ti-V
(Supplement 3: Table S4-3). Negative correlations (p <0.05, values between -0.678
and -0.681) include the elemental pairs Ag-La and Ag-Th (Supplement 3: Table S4-
4).

8.3.2. Pyrite and sphalerite - Mode of occurrence

Pyrite and sphalerite are the dominant ore minerals in the epithermal veins
associated with the porphyry deposit at Aspra Chomata. In this study only the pyrite
(Py1) from the epithermal veins was analyzed by means of LA-ICP-MS. Pyrite (Py1)
appears as euhedral grains (<200 um in width) and as aggregates of euhedral grains
(<1 cm in width) (Figure 8.3d, 8.5a-d,f), which exhibit oscillatory zoning and are
well-cemented by hydrothermal quartz (Figure 8.7a-c). In addition, it forms subhedral
to euhedral overgrowths on sphalerite (Figure 8.5a, 8.7b). Commonly, needle-like
crystals of boulangerite (<100 um in width) are found in pyrite (Figure 8.7a-c), as
well as in the intragranular space (Figure 8.7d). Locally, pyrite hosts inclusions of
euhedral arsenopyrite (<50 um in width) (Figure 8.7c). Traces of galena, chalcopyrite
and tetrahedrite are found in pyrite and quartz interstices (Figure 8.7¢).

Sphalerite (Sph1) occurs as subhedral to euhedral grains (<400 um in width)
(Figure 8.5a-d,f). It is intergrown with euhedral pyrite, and locally is overgrown by
pyrite (Figure 8.5¢,f, 8.7b). In addition, sphalerite is replaced by boulangerite needles
(<100 um in width), and cemented by hydrothermal quartz (Figure 8.7f).

8.3.3. Critical and rare metals in pyrite and sphalerite (LA-ICP-MS)

Pyrite (Pyl) and sphalerite (Sphl) from the epithermal veins at Aspra Chomata
incorporate varying contents of trace elements including base, critical and rare metals
(Table 8.3, Figure 8.8a). The complete analytical datasets for pyrite and sphalerite are
given in Supplement 2, Tables S3-15 and S3-16.

In Py1, the most enriched base metal is As (<43,671 ppm), and is followed by Cu
(<2,569 ppm), Pb (<1,917 ppm) and Zn (<525 ppm) (Table 8.3). Critical and rare
metals include up to 741 ppm Sb, up to 80 ppm Au, up to 60 ppm Ag, up to 41 ppm
Ti, up to 0.16 ppm Co and up to 0.10 ppm In (Table 8.3, Figure 8.8a). Nano-scale
mineral inclusions in Py1 are related to Pb (<5,360 ppm), Sb (<2,621 ppm), Zn (<150
ppm), Ag (<26 ppm), Cd (<7.2 ppm), Ge (<6.5 ppm), U (<0.62 ppm) and Th (<0.21
ppm) (Supplement 2: Table S3-15).
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Figure 8.7. SEM back-scattered electron images of the epithermal vein mineralization from
Aspra Chomata. (b-f: colors and brightness have been adjust to highlight minerals and
oscillatory zoning in pyrite). a. Pyrite (Py1) exhibiting oscillatory zoning (red arrow)
replaced by boulangerite (Boul) and cemented by quartz (Qz). b. Pyrite (Pyl)
overgrows on sphalerite (Sphl) and is replaced by boulangerite (Boul) set in quartz
(Q2). c. Euhedral arsenopyrite (Apy) in oscillatory-zoned (red arrows) euhedral pyrite
(Pyl) which is rimmed by boulangerite (Boul) and quartz (Qz). d. Boulangerite
(Boul) needles in quartz (Qz). e. Galena (Gn), chalcopyrite (Cpy) and tetrahedrite
(Ttr) in quartz interstices. f. Sphalerite (Sphl) replaced by boulangerite (Boul) and
cemented by quartz (Qz).
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Table 8.3. LA-ICP-MS analyses of pyrite and sphalerite from the epithermal veins at Aspra
Chomata. For the full dataset, see Supplement 2, Tables S3-15 and S3-16.

Mineral Pyrite | Sphalerite
Mineralization stage Epithermal
Mineralization stage Pyl, (n=7) Sphl, (n=21)

Element MIN | MAX [STDEV | AVG Element [ MIN | MAX [STDEV | AVG
Ag 6 60 25 32 Ag 0.99 52 12 9.2
As 31,727 43,671 4,084 39,187 As 5 23 9 10
Au 14 80 24 39 Au b.d.l. b.d.l. - -
Bi b.d.l. b.d.l. - Bi 0.04 0.14 0.07 0.09
Co 0.11 0.16 0.03 0.13 Cd 835 1,933 246 1,400
Cr 16 16 - 16 Co b.d.l. b.d.l. - -
Cu 818 2,569 604 1,278 Cr b.d.l. b.d.l. - -
Hg b.d.l b.d.l - - Cu 61 809 244 292
In 0.06 0.10 0.02 0.07 Ga 15 44 73 25
Mn 54 15 3.2 7.7 Ge 0.0 13 29 1.8
Mo b.d.l b.d.l. - - Hg 11 37 8.1 21
Ni 0.87 0.87 - 0.87 In 0.14 14 0.30 0.40
Pb 110 1,917 1,277 1,013 Mn 681 7,253 1,729 2,322
Sh 51 741 488 396 Mo 0.37 0.51 0.09 0.44
Se b.d.l b.d.l - - Nb 0.05 0.05 - 0.05
Sn 0.86 5.8 2.3 24 Ni 0.45 0.91 0.32 0.68
Te b.d.l b.d.l. - - Pb 0.11 4.6 1.9 15
Ti 25 42 6.9 33 Re b.d.l b.d.l - -
TI 0.54 7.7 2.8 24 Sh 0.84 14 5 6
\% b.d.l b.d.l - - Se b.d.l b.d.l - -
W b.d.l b.d.l - - Sn 8.6 128 38 55
Zn 82 525 313 303 Te b.d.l b.d.l - -

Ti 7.1 18 29 11
Tl 0.53 0.6 0.03 0.55
\Y 0.71 0.71 - 0.71
w 25 25 - 25
Zn 616,800 639,400 8,379 627,667
Cd:Zn 0.001 0.003 0.029 0.002

Sphalerite (Sph1l) contains several base, critical and rare metals (Table 8.3, Figure
8.8b). Manganese (<7,253 ppm), Cu (<809 ppm) and Sn (<128 ppm) are the most
enriched base metals (Table 8.3). Cadmium (<1,933 ppm) is the most enriched critical
and rare metal, followed by Ag (<52 ppm), Ga (<44 ppm), Hg (<37 ppm), Ti (<18
ppm), Sb (<14 ppm), Ge (<13 ppm), W (<2.5 ppm), In (<1.4 ppm), V (<0.71 ppm), Bi
(<0.14 ppm) and Nb (<0.05 ppm) (Table 8.3, Figure 8.8b).

Furthermore, Sphl incorporates significant contents of base metals including Cu
(<13,723 ppm), Pb (<7,168 ppm), As (<555 ppm) and of Sn (<371 ppm) in nano-scale
mineral inclusions (Supplement 2: Table S3-16). Critical and rare metals are also
found related to nano-scale mineral inclusions. They include up to 4,169 ppm Sb, up
to 29 ppm Hg, up to 20 ppm Ag, up to 31 ppm Ti, up to 1.1 ppm Tl and up to 0.61
ppm In (Supplement 2: Table S3-16).

8.3.4. Statistical analysis of trace elements concentrations

Pearson product-moment correlation coefficients were defined for pyrite and

sphalerite from Aspra Chomata. Following interpretations made after ablation
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patterns, trace element concentrations related to nano-scale inclusions were excluded
before the statistical analyses. Pyrite is characterized by significant negative
correlation (p <0.01, value = -0.949) for the elemental pair Ag-Ti (Supplement 3:
Table S4-19). Sphalerite is associated with significant positive correlations (p <0.01,
values >0.551) for the pairs Ag-V, Ag-W and Ge-Ti, with significant negative
correlations (p <0.01, values >-0.539) for the pairs Ti-V and Ti-W, and with negative
correlation (p <0.01, value = -0.438) for the pair Cd-Hg (Supplement 3: Table S4-20).
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Figure 8.8. Average values of critical and rare metals contents of pyrite (a) and sphalerite (b)
from the epithermal veins found in Aspra Chomata. Local enrichments related to

nano-scale mineral inclusions are excluded.
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8.4. Discussion

The Stratoni granodiorite is part of the late Oligocene igneous suite. Magma
intruded the biotite gneiss, amphibolite, and marble of the Kerdylion Unit at the
footwall of the Stratoni fault. As a result, the Stratoni granodiorite and minor diorite
phases were formed at 25.36 + 0.15 Ma (**®Pb/**®U zircon dating, Siron et al. 2016).
Magma differentiation resulted in the formation of a porphyritic phase at Aspra
Chomata at 24.53 + 0.31 Ma hosted in granodiorite porphyry (**Pb/*®U zircon
dating, Siron et al. 2016). Also, Gilg and Frei (1994), reported a date of 25.0 = 0.6 Ma
for the sericitic alteration at Aspra Chomata. According to Siron et al. (2018), the age
of the Stratoni granodiorite is coeval with the end of the synmineral, semibrittle
deformation and related hydrothermal alteration along the Stratoni fault zone. In
addition, Gounaris (2017) concluded that the evolution of the epithermal stage was
coeval with the latest stages of Stratoni stock emplacement.

Locally, sheeted epithermal base metal sulfide veins overprint the porphyritic
phase (Figure 8.3d). Intense bleaching and kaolinization of the wall rock are related to
the epithermal mineralization stage (Gounaris 2017, Siron et al. 2018, Table 8.1). The
metallic assemblage includes pyrite, sphalerite, boulangerite, and minor arsenopyrite,
galena, chalcopyrite and tennantite (Table 8.1, Figure 8.5a-f). The widespread
presence of euhedral pyrite and sphalerite suggests that they were first deposited,
while pyrite overgrowths on sphalerite indicate that pyrite formation locally
succeeded sphalerite crystallization (Figure 8.5a-d,f). Minor arsenopyrite occurs
locally as euhedral crystals preceding pyrite crystallization, while galena, chalcopyrite
and tennantite are found in pyrite and quartz interstices suggesting their late formation
(Figure 8.7c,e). Pyrite exhibits oscillatory zoning with the euhedral, distinctly planar
nature of the compositional layers indicating that crystals were not tightly cemented
and maintained a faceted morphology throughout most of their growth history (Shore
and Fowler 1996, Figure 8.7a,c). Boulangerite is commonly found in pyrite and
sphalerite, as well as in the intragranular space highlighting its late crystallization
from the hydrothermal fluids (Figure 8.7a-d).

Porphyry and epithermal stage mineralization, hydrothermal alteration and bulk
geochemistry reveal distinct mineralogical and geochemical relations to various rare
metals (Figure 8.6). The sericitically altered granodiorite porphyry contain up to 1,057
ppm Cu, up to 68 ppm Mo and up to 12 ppm Ag, while the D-type veins associated
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with sericitic alteration include up to 1,712 ppm Cu, up to 175 ppm Mo and up to 105
ppm Ag. In addition, the sericitically altered granodiorite porphyry (Ach 02 = 13 ppm
Au) and the D-type veins (Ach 05 = 13 ppm Au) are the major hosts of gold at Aspra
Chomata (Table 8.2, Supplement 4: Table S1-5)

Cobalt, In, Se, Te and W contents are more enriched in the sericitic alteration
rather than the potassic overprinted by chloritic-sericitic alteration affecting the
granodiorite porphyry (Table 8.2, Figure 8.6). The D-type veins incorporate the
highest contents of Co (<221 ppm), In (<5 ppm), Se (<46 ppm), Te (<0.46 ppm) and
W (<1,411 ppm) (Table 8.2, Figure 8.6). The epithermal veins exhibit the higher
enrichments in Ag (<610 ppm), Cd (<180 ppm), Ga (<19 ppm), Hg (<32 ppm) and Sh
(<39,570 ppm) (Table 8.2, Figure 8.6).

The potassic overprinted by chloritic-sericitic alteration from the granodiorite
porphyry exhibit the highest contents in REE, including Ce (<68 ppm), Gd (<4 ppm),
La (<38 ppm), Nd (<26 ppm) and Sm (<4.7 ppm) (Table 8.2, Figure 8.6). The highest
enrichments in Bi (<18 ppm), Nb (<9.6 ppm), Th (<28 ppm), Ti (<5,000 ppm), U
(<25 ppm) and V (<115 ppm) are also related to the potassic overprinted by chloritic-
sericitic alteration from the granodiorite porphyry (Table 8.2, Figure 8.6). These
enrichments can be attributed to rock-forming and to hydrothermal alteration minerals
(e.g. titanite, zircon, magnetite, feldspar) while variations in distribution could be
related to the intense hydrothermal alteration and to supergene oxidation as it was also
suggested for the Vathi porphyry deposit (Stergiou et al. 2021a).

According to Gounaris (2017), the elemental pairs Cu-Au and Pb-Zn exhibit
strong positive linear correlations revealing their geochemical affiliation, while the
pairs Au-Pb and Au-Zn show distinct negative linear correlations. In addition, Pearson
product-moment correlation coefficients revealed significant positive correlations
between specific elemental pairs (Supplement 3: Table S4-4). These elemental pairs
can be summarized into groups, which include: 1) Ag-Cd-Hg-Sb, 2) Co-In-Se-W, 3)
Ce-La-Th-Ti-V, and 4) Gd-Nd-Sm. By comparing correlations and relative contents
of the analyzed trace elements it can be suggested that the rock-forming stage, as well
as the potassic overprinted by chloritic-sericitic alteration, are related to REE, as well
as Bi, Nb, Th, Ti, U and V. Co In, Se, Te and W were introduced during the sericitic
alteration and the related D-type veins of the porphyry stage, while Ag, Cd, Ga, Hg

and Sb are associated with the epithermal stage.
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Similar geochemical enrichments in Ag, Au, Bi, Co, In, Se, Te and W, related to
sericitic alteration and associated mineralizing stages, have been reported elsewhere in
Greece including Maronia (Melfos et al. 2002, 2020), Pagoni-Rachi (Voudouris et al.
2013b), Fakos (Fornadel et al. 2012), and Vathi (Stergiou et al. 2021). Epithermal
veins associated with the porphyry-epithermal transition environment occur in several
porphyry deposits in Greece (e.g. Pagoni-Rachi, Stypsi, Voudouris et al. 2019a).
According to Voudouris et al. (2019a), boulangerite occurs at epithermal-style
deposits found at Pontokerasia (Melidonis 1972), Piavitsa (Siron et al. 2016),
Panormos of Tinos isl. (Tombros et al. 2010), and Cape Evros of Mykonos isl.
(Tombros et al. 2015). The epithermal mineralization at Aspra Chomata contains a
simple mineralogy, mainly including pyrite, sphalerite and boulangerite (Table 8.1),
but is more enriched in Ag (<610 ppm) compared to previously reported epithermal
ores of Greece (i.e. epithermal-style ores: Mavrokoryfi (<16,943 ppb Ag), Perama
Hill (<81,727 ppb Ag), Voudouris et al. 2019a).

The porphyritic stage at Aspra Chomata is enriched in Au (<13 ppm) and is
overprinted by a Pb-Zn-Sb-Ag-As-epithermal stage. The formation of the porphyry
stage may be ascribed to magma differentiation and to the entrapment of volatiles
beneath the carapace of the Stratoni granodiorite. The associated sheeted and
orthogonal quartz and D-type veins were formed following the carapace fracturing
and a drop in lithostatic pressure. The minor extent of the quartz and the D-type veins
in the metamorphic rocks, as observed at the northwestern part of the granodiorite
porphyry, indicates that the formation of the porphyry stage was spatially restricted.
Additionally, the kaolinization of the granodiorite porphyry around and closely to the
epithermal veins indicates that the temperature of the hydrothermal fluids rapidly
dropped below 300 °C or even 100 °C (Sillitoe 2010).

8.4.1. Mineral chemistry of pyrite and sphalerite and nano-scale inclusions

The joint interpretation of the scanning electron microscopy and LA-ICP-MS
analysis for pyrite and sphalerite from the epithermal veins at Aspra Chomata
indicates that specific trace elements are hosted as nano-scale mineral inclusions.
Pyrite (Py1) is enriched with base (As, Cu, Pb, Zn), and critical and rare metals (Ag,
Au, Co, In, Sb, Ti) (Table 8.3, Figure 8.8a, 8.9a). The ablation patterns indicate that
these elements are incorporated as stoichiometric substitutions. Cobalt commonly
substitutes for Fe in pyrite structure, while the incorporation mechanisms for Ag, As,
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Au, Cu, In, Pb, Sh, Ti and Zn may include couple substitutions or incorporation of
solid solutions in specific growth zones (Arbaitis et al. 2004, Deditius et al. 2011).
Pyrite from the epithermal stage at Aspra Chomata is enriched in As (<43,671 ppm)
and exhibits distinct oscillatory zoning (Figure 8.7a,c). According to Arbaitis et al.
(2004), As and Au contents in pyrite are highly correlated, and both elements may be
incorporated in pyrite lattice via coupled substitutions (i.e. Au** substitutes for Fe**
and AsS® substitutes for the S,* dianion). The same coupled substitution mechanism
may be suggested for Ag®" in pyrite. Furthermore, in As-rich pyrite with oscillatory
zoning, the Pb, Sb and Zn contents are variable (Arbaitis et al. 2004). In Pyl of Aspra
Chomata, a positive correlation between As and Pb, Sb and Zn is not documented,
possibly suggesting the random incorporation of Pb, Sb and Zn as solid solutions in
specific As enriched growth zones. It should be mentioned that according to the SEM-
EDS analysis the higher Pb contents are ascribed to specific zones in Pyl (Figure
8.7a,c). Additionally, notable is the overall depletion in Hg, which is not a common
aspect of As-rich pyrite (Arbaitis et al. 2004).

The elevated contents of Ag, Cd, Ge, Pb, Sb and Zn and the examined ablation
patterns, suggest the presence of specific nano-scale mineral inclusions in pyrite (Py1)
(Supplement 2: Tables S3-15 and S3-16, Figure 8.9a). Ag, Cd, Ge, Pb, Sb and Zn are
possibly associated with boulangerite inclusions in pyrite (Figure 8.7a, 8.9a).

Sphalerite (Sphl) contains Mn, Cu and Sn, as well as variable concentrations of
critical and rare metals (Ag, Bi, Cd, Ga, Ge, Hg, In, Nb, Sb, Ti, V, W) (Table 8.3,
Figure 8.8b). The ablation patterns for these elements in Sphl indicate that they are
incorporated as solid solutions (Figure 8.9b). Sphalerite (Sphl) includes Ge, Ga, Hg
and Sn, whereas it is free of Co and is depleted in In (<1.4 ppm), suggesting that it
was precipitated under low temperatures (Cook et al. 2009, Table 8.3). In addition, by
comparing pyrite and sphalerite mineral chemistry it is concluded that Bi, Hg, V and
W preferentially precipitated in sphalerite (Figure 8.8a,b).

The concentrations of trace elements in sphalerite, including Ag, As, Cu, Hg, In,
Pb, Sb, Sn, Ti and TI, and their time-resolved laser ablation ICP-MS depth profiles
reveal the affiliation to mineral inclusions (Supplement 2: Table S3-16, Figure 8.9b).
Most of these elements are ascribed to boulangerite inclusions found in Sphl (Figure
8.7f, 8.9b). In addition, Cu, Sn and In could be attributed to nano-scale inclusions of

chalcopyrite (Supplement 2: Table S3-8).
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Figure 9.7. Selected time-resolved laser ablation ICP-MS depth profiles of pyrite (Pyl) and
sphalerite (Sph1) from the epithermal base metal veins at Aspra Chomata. Associated
nano-scale inclusions are highlighted in gray. a. In Pyl, the ablation patterns of Fe
and S, are similar to those of As and Au indicating the incorporation of these
elements in pyrite. The spiky patterns of Pb, Sb and Ag suggest that nano-scale
inclusions of boulangerite are found in pyrite (Pyl). Copper is associated both with
pyrite (Pyl) and boulangerite. b. In Sphl, the ablation patterns of Mn, Cd, Fe, are
similar to those of Zn and S suggesting that these elements are hosted in sphalerite
lattice. The distinct spiky patterns of Pb, Sb, As and Ag highlight the occurrence of
boulangerite inclusions in sphalerite. Higher contents of Cu, Sn and Hg are related to

boulangerite than sphalerite.

168



CHAPTER 9. DISCUSSION

Critical raw materials (CRM) are integral components of a strong and viable
economy and society (Humphreys 2014, Huston 2014, Table 1.1). A sustainable
supply of mineral raw materials needs accessible deposits and efficiently productive
mines (Barakos et al. 2016). Advances in ore exploration further contribute in
achieving this target. Commonly, land-use issues, social and environmental
challenges, declining ore grades, and resource nationalism cause challenges in
securing undisturbed and sustainable supplies (McNulty and Jowitt 2021). In addition,
the ongoing shift towards a low-carbon society and the advance of new technologies
emphasize the future demands on CRM (Grandell et al. 2016). Recently, EU has been
emphatically committed to a more sustainable future under the "European Green
Deal" agreement (European Commission 2019). In this agreement, the secure supply
of CRM is set as a necessary condition in achieving the "Green Deal" targets.
Although Europe has a long history in mineral raw materials exploitation, the EU
largely rely on imports of CRM (Goodenough et al. 2016, Figure 1.2). Europe could
be considered underexplored in particular with modern exploration methods, as good
understanding on the genesis of particular deposits, as well as on their reserves and
resources is missing (Moss et al. 2011, Cassard et al. 2015, Bertrand et al. 2016). The
same applies in the case of mineral deposits in Northern Greece (Melfos and
Voudouris 2017).

Metal enrichment to ore grade is the eventual conclusion of large-scale and long-
term fractionation depleting specific geochemical reservoirs in the Earth’s crust
(Lehmann et al. 2000). Magmatism produced in collisional and post-collisional
settings, controlled by thermal gradients, permeability, and structural processes,
eventually produces, depending upon fluid input and metal concentrations, various
mineralizations hosted in porphyry, skarn, epithermal and minor satellite deposits
(Lehmann et al. 2000, Sillitoe 2010, Figure 1.6). Immiscible sulfide melts control
metals transportation and concentration from the MASH cumulates to magma
chambers, while sulfide complexes and chlorine ligands are carriers of metals in the
mineralizing hydrothermal fluids at shallower depths (Audétat et al. 2008, Jenner et
al. 2010). Chalcophile and siderophile affinity of the metals partitioning in magma
controls metal distribution in the mineralizing systems and metal partitioning in the

metallic minerals. Relations between specific metals are also manifested by metal
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companionality (e.g. Se and Te affiliation to Cu, Cd and In affiliation to Zn, and Bi
and Sb affiliation to Pb) (advise also Chapters 1.1, Figures 1.4 and 1.6b).

Porphyry Cu-Au-Mo deposits are reported as potential exploration and
exploitation targets for rare metals, exhibiting enrichments of Re, Te, Co, Bi, U and
PGE (Table 1.2, John and Taylor 2016, Hofstra and Kreiner 2020). The polymetallic
assemblages found in the periphery of porphyry systems related to skarn, replacement,
vein, and intermediate sulfidation epithermal mineralization types are enriched with
Mn, Ge, Ga, In, Bi, Sb, As, W and Te (Kelley and Spry 2016, Goldfarb et al. 2016,
Hofstra and Kreiner 2020, Table 1.2). In addition, low- to high-sulfidation
mineralization associated with epithermal overprinting of porphyry systems may
include Te, Bi, As, Sh, V and F (Goldfarb et al. 2016, Hofstra and Kreiner 2020).
Several of these critical and rare metals are hosted in sulfide and non-sulfide minerals
found in these deposits (i.e. Ag and Se in chalcopyrite, Te in pyrite, Bi in tetrahedrite
and galena, REE in titanite, advise also Chapter 1.2.3). In addition, Te forms Au-Ag-
tellurides, and several non-precious tellurides/sulfotellurides/tellurfates. Rare earth
elements are hosted in minerals such as monazite, brockite and bastnésite, while PGE
reside in Pd-Pt arsenides and/or tellurides (Kelley and Spry 2016).

During Cenozoic, subduction and accretion of oceanic and continental domains,
slab retreat and migration of magmatic activity towards the south, and exhumation of
core complexes and plutonic rocks to the surface have controlled the geodynamic
evolution in the Aegean domain (Jolivet et al. 2103, Schmid et al. 2020). Slab retreat,
asthenospheric upwell, melting of the lower crust and mixing with mantle-derived
melts, have been long suggested as the key factors driving the Oligocene-Miocene
high-K calc-alkaline to shoshonitic magmatism across the Aegean (Pe-Piper et al.
2009, Ersoy and Palmer 2013, Jolivet et al. 2013). Lately, Schaarschmidt et al.
(2021a) supported that the Oligocene-Miocene magmatic activity in the Aegean was
primarily sourced by a very heterogeneous geochemical reservoir modified under low
subduction rates, low melting degrees, and by various subducted Ba- and P-enriched
sedimentary and continental rocks belonging to the lonian and Gavrovo-Tripolitza
blocks. According to the same authors, assimilation of crustal rocks during magma
ponding in the MASH zone, and in magma chambers in the upper crust, was very
restricted (Schaarschmidt et al. 2021a). In addition, McFall et al. (2018) highlighted

the major role of immiscible Bi-Te melts in the collection and transportation of PGE
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and other precious metals in high temperature hydrothermal systems, resulting in the
formation of platinum group minerals without PGE fluid saturation.

The numerous magmatic-hydrothermal mineralizations found in the Aegean
domain manifest conditions related to shallow magmatic activity, rapid exhumation,
and intense tectonic activity (Melfos and Voudouris 2017, Voudouris et al. 20193,
Schaarschmidt et al. 2021a). Across northern Greece, several porphyry
mineralizations (e.g. Pagoni Rachi, Koryfes Hill, Konos Hill, Maronia, Melitena,
Skouries, Vathi) are variably enriched in Ag, Au, Bi, Re, Te and PGE (McFall et al.
2018, Voudouris et al. 2019a). In addition, sub-epithermal/epithermal mineralizations
(e.g. Sapes, Perama Hill, Pefka) are enriched in Ag, Au, Ga, Ge, In, Sn, Se and Te
(Voudouris et al. 2019a, 2022). Sulfide minerals hosted in Cenozoic mineralizations
across the Aegean domain incorporate amounts of metals (e.g. Au, As, Te) exsolved
from magmatic intrusions at depth and transported by magmatic vapors (Voudouris et
al. 2019a, Schaarschmidt et al. 2021b). In addition, sulfide minerals hosted in shallow
hydrothermal systems contain enrichments of As, Bi, Hg, Mo and Tl (Voudouris et al.
2019a). Their incorporation in sulfide minerals is ascribed to fluid boiling and mixing
with meteoric water, which produced a vapor phase able to transfer these metals
(Schaarschmidt et al. 2021b).

The SMMP and RMP in northern Greece, belong to the Western Tethyan
metallogenic belt, and constitute encouraging regions for future exploration projects
in southeastern Europe (Melfos and Voudouris 2012, 2017, Tsirambides and
Filippidis 2016, Baker 2019, Voudouris et al. 2019a, Figure 1.7). In the region of
Central Macedonia in northern Greece, along the SMMP and the adjacent RMP,
several deposits and prospects of Cenozoic age are enriched in base (Pb, Zn, Cu) and
critical and rare metals (e.g. Sb, W, Te, Bi, Ga, Co, Ag, Au, REE and PGE, Voudouris
et al. 2007, Melfos and Voudouris 2017, Tsirambides and Filippidis 2019, Stergiou et
al. 2021a,b, Figure 2.2, Table 9.1). Oligocene to Miocene porphyry deposits (e.g.
Vathi, Gerakario, Aspra Chomata) are clustered in the Kilkis and Chalkidiki ore
districts, while several other deposits including skarn/carbonate, and epithermal are
found proximal to the mineralized intrusions (e.g. Gerakario stibnite vein
mineralization) (Stergiou et al. 2021b, 2022, Figure 2.2). Vein deposits hosted in
metamorphic rocks are found at Laodikino and Kolchiko (Stergiou et al. 2021c,
Figure 2.2).
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At the Vertiskos Unit, the formation of the porphyry-epithermal systems and their
satellite _mineralization was set in an extensional tectonic regime, while the
polymetallic massive and quartz veins hosted in metamorphic rocks and in shear
zones were formed under transpressional to transtensional tectonics (Figure 9.1).
Relative enrichments of critical and rare metals revealed in this study are grouped and
presented in Figure 9.1, in respect to the mineralization styles incorporating them. The
critical and rare metals are associated with: (1) stoichiometric substitutions, (2) solid
solutions or nanoparticles in crystal lattice, (3) nano-scale mineral inclusions, and (4)
visible micro- to macro-scale minerals.

The porphyry-epithermal systems are more enriched in Au-Bi-Co-Sbh-Se-Te-W-
REE. At Vathi, the presence of tetradymite in association with native gold as well as
of wittichenite and cuprobismutite in the sericitic alteration, indicate enrichments of
Au-Bi-Te-Se for the mineralizing fluids (Figure 4.5c, 4.6d,e, Table 9.1). Tetradymite,
wittichenite and cuprobismuthite, and possibly other unidentified Bi-sulfosalts, are
hosted as micro- and nano-scale inclusions in pyrite and chalcopyrite (Figure 4.6¢,e,f,
4.10a,b, 4.11a,b). In addition, pyrite from the sericitic alteration at Vathi largely
incorporates Co in crystal lattice (Figure 4.10a-c). Titanite in the potassic-calcic
alteration of the quartz-monzonite at Vathi is a major host of rare metals, including W
and REE, with Ce, La, Nd and Sm, incorporated as stoichiometric substitutions
(Figure 4.9b, Table 9.1). Although the epithermal veins found around the porphyry
systems mainly host base metals (e.g. Cu, Pb, Zn), the epithermal veins at Gerakario
contain significant concentration of Sb as stibnite (Figure 5.2a, 5.3).

The metal association Ag-Au-Bi-Cd-Hg-In-Sb-Se-Te-W is ascribed to the veins
hosted in metamorphic rocks (Figure 9.1). These metals are variably incorporated in
the analyzed pyrite, chalcopyrite, sphalerite and tetrahedrite from Laodikino, and in
arsenopyrite, pyrite, chalcopyrite and sphalerite from Kolchiko (Table 9.1).
Tetrahedrite from the polymetallic quartz veins at Laodikino largely incorporates Ag
either in solid solutions or as nanoparticles hosted in crystal lattice (Figure 6.11d). At
Kolchiko, the presence of native bismuth and galenobismuthinite cementing pyrite
and chalcopyrite in the polymetallic quartz veins (Figure 7.3d,e), as well as nano- to
micro-scale inclusions in arsenopyrite, pyrite and chalcopyrite from the polymetallic
massive and quartz veins, indicates relative enrichment in Bi of the mineralizing
fluids. At Vertiskos Unit, the mineralization associated with the veins crosscutting the
metamorphic rocks, include varying concentrations of Bi and Te as Bi-sulfosalts
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and/or tellurides, which are also usually related to precious metals (e.g. Ag, Au). This
is a strong indication for concealed proximal and/or distal magmatic intrusions and
magmatic-hydrothermal mineralizing processes set along or near shear zones. This
assumption has been previously suggested by Vavelidis et al. (1999), Voudouris et al.
(2013c), Bristol et al. (2015), Melfos and Voudouris (2017), and Voudouris et al.
(2019a).
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Table 9.1. Geology, mineralogy, geochemistry, and mineral chemistry of the studied deposits and metallic minerals. For details on each deposit please advise
the text and the Tables 4.1, 6.1, 7.1 and 8.1. (HR: Host Rock, MIN: Mineralization).

Critical and rare

Deposit Geo_tectonlc Main Critical and rare Deposit style/ Alteration style | Mineralization Metallic Studied metallic [ metals in the Naqo-scale
unit/ Ore L Morphology Host rocks Age - - . . mineral
name - commodities metals : and assemblage stage minerals minerals studied metallic . .
district of ore bodies - inclusions
minerals
Co, Ga, Ge,
_ - Magl Se. Ti, V Ttn
Potassic-calcic: s Co.Ca
g Qz +Bt+ Ttn M-type veins i
HR: Miocene +Act + Rt Disseminated Mag = Iim Gd, Ge, In,
Qz-monzonite | (18+0:5Ma +Chl Tinl La, Nd, Sb, None
and 17+1 Ma, Se, Sm, Th,
Frei 1992) Ti, V, W
Sericitic: Py + Cpy
Ser+Qz+ Rt D-type veins +Gn + Au Py2 Ag,sgoT,iSb, Ttd, Au, Cpy
+ Dol + Kln + Ttd '
Co, Ga, Ge,
Ad. Au. Bi Potassic Mag2 Ti, V, W Gn
ng o YGaV (overp_ri_n_ted by Mag + Py Ag, Co, In,
G e 1 Porphyry sericitic): ; ; Pyl Sh, Se, Te, Bi-sulfosalts, Au
. . e, Hg, In, : Disseminated + Cpy + Bn >
\Vertiskos Unit/| Nb. Sb. Se Sub-alkaline Cu- Qz + Bt £ Mol % Po Ti, V
Vathi Kilkis ore Cu-Au+Mo it Au/ + Kfs + Chl Ag, Bi, Cd
distri Te, Th, V, . » O L4, Sph
istrict W and REE: Ce Stockwork, veins, + Ser + Rt Cpyl Co, Ga, In, : '
Gd La | disseminations Ti vV Bi-sulfosalts
Nd ahd ém 1) Py = Cpy
2) Py + Cpy Ag, Co, Hg,
Latite HR: Miocene? . +Gn + Sph Py3 Sh, Se, Te, Po
Sericitic: . Ti v
1) D-type veins + Au+ Bn )
Ser+ Qz + Rt . .
2) Disseminated + Mol + Po
+ Dol = Kln tPnaT Ag, Bi, Co .
n+ Tnt e Bi-sulfosalt
+ Ttr £+ Wt pr2 Ge, In, Sb_v ONt Cup?)
+ Flt + Cup + Sch Se, Te, Ti '
Ag, Bi, Co,
. . Assemblage 2: Py4 In, Sh, Se, Gn
Epithermal: | £ type veins Py + Po Ti, W
Qz + Prl
+ Cpy + Gn Cov3 Ag, Ge, In, Gn
4 Sb, Ti, W

Abbreviations: Act = actinolite, Au = native gold, Bn = bornite, Bt = biotite, Chl = chlorite, Cpy = chalcopyrite, Cup = cuprobismutite, Dol = dolomite, Flt = fletcherite, Gn = galena,
Ilm = ilmenite, Kfs = K-feldspar, KIn = kaolinite, Mag = magnetite, Mol = molybdenite, Pn = Pentlandite, Po = pyrrhotite, Prl = pyrophyllite, Py = pyrite, Qz = quartz, Rt = rutile, Ser = sericite,
Sch = scheelite, Sph = sphalerite, Ttn = titanite, Tnt = tennantite, Ttd = tetradymite, Ttr = tetrahedrite, Wt = wittichenite.
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Table 9.1. Continued.

Critical and rare

Deposit Geo_tectonlc Main Critical and rare Deposit style/ Alteration style | Mineralization Metallic Studied metallic [ metals in the Naqo-scale
unit/ Ore L Morphology Host rocks Age - - . . mineral
name district commodities metals of ore bodies and assemblage | style or stage minerals minerals studle_d metallic inclusions
minerals
Epithermal Epithermal stage: Stb + Brth
Vertiskos Unit/ Ag, Au, Bi, satellite to MIN: (HR) Sericitic: | intermediate to ’ +Sb + Py Ag, Bi, Ce,
Gerakario Kilkis ore Sh Ce, Co, Ga, porphyry sub- | Two-mica gneiss Miocerie” Ser + Qz ’ low sulfidation + Apy + Mrc Sthl La, Re, Sh, Apy
district Sb and La alkaline Cu-Au/ ' . . + Po = Cpy Sm, Th, Ti
Veins veins with quartz + Lo+ Au
Ce, Co, Ga,
Magl Ge, La, Th, None
Ti, V
Mag + Py Ag, Au, Bi,
. e + Cpy + Rt Co, In, Sb,
Biotite gneiss Me'\s/lc)lgldic7 Ccznlirglﬁlagani (magni?gz-rich) * lim  Gn i se.Te, Ti >
' + Apy + Xtm W
+ Bsn Ag, Au, Bi,
Cd, Co, Ga,
Ag, Au, Bi, Cpy2 Ge, In, Sb, None
Sh, Cd, Co, |Metamorphic and Se, Ti
Vertiskos Unit/ Ga, Hg, In, shear-zone Co, Sh, Se,
Laodikino | Kilkis ore %L:]';%Assb Sh, Se and hosted/ Pyl Ti,V None
district REE: Veins, Ag, Au, Bi,
Ce, Gd, Nd, disseminated Cpyl Cd, Hg, In, Gn, Sph, Ttr
Sm Sbh, Se, Ti
. . MIN: Sericitization + Ag, Cd, Co,
Twocm;gztgerjelss, Cenogoic? chloritization: Polymeta!lic f%’;fggh Sphl Ge, Hg, In, Ttr
muscovite schist (early Oligocene-| Qz + Ser + Chl quartz veins +Gn Sh, Se, Ti,
Miocene?) + Cal + Brt V
Ag, Au, Bi,
Cd, Co, Ga,
Ttrl Ge, Hg, In, None
Sb, Se, Ti,
\Y

Abbreviations: Apy = arsenopyrite, Au = native gold, Bsn = bastnisite, Brt = barite, Brth = berthierite, Cal = calcite, Chl = chlorite, Cpy = chalcopyrite, Gn = galena, llm = ilmenite,
Lo = 16llingite, Mag = magnetite, Mrc = marcasite, Po = pyrrhotite, Py = pyrite, Qz = quartz, Rt = rutile, Sb = native antimony, Ser = sericite, Sph = sphalerite, Stb = stibnite, Ttr = tetrahedrite,
Xtm = xenotime.
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Table 9.1. Continued.

Geotectonic Deposit style/ Critical and rare
Deposit - Main Critical and rare P Y Alteration style | Mineralization Metallic Studied metallic [ metals in the Nano-scale
unit/ Ore - Morphology Host rocks Age - ; p . . . .
name - commodities metals : and assemblage | style or stage minerals minerals studied metallic |[mineral inclusions
district of ore bodies f
minerals
Ag, Au, Co
Apyl » Au, Co,
Apy + Py (Apy-dominated) H, Sb, S €, Gab
Te, Ti
+ Cpy + Gn
MIN: pre-early | Sericitization: | Polymetallic + Po = Gab Pyl Ag, Au, Sb, Gn, Bi, Gab
Oligocene? | Ser+ Qz + Chl | massive veins +Bi+Au (Apy-dominated) Se, Ti
+ Ttn + IIm Ag, Au, Bi,
+Rt+Urmn Py2 Co, In, Sb, Gab
(Py-dominated) Se, Te, Ti,
V, W
Ag, Au, Bi, Ag, Au, Bi,
Ce, Cd, Co Py3 Co, Hg, Sb, Gn, Bi
" In.Sh. ; Se, Ti, W
. Ga, In, Sb, Metamorphic- LIRS
. Vertiskos | A pecu- | Se, Te, Th, hosted! - Py +C Ag, Au, Bi,
Kolchiko |Unit/Kilkis ore Zn-Pb U. W and Massi . Mica-schist y+Lpy Cd. Co Ga
district n- , Wan assive, veins, | " +Apy + Gn , Co, Ga, .
REE: disseminated Polymetallic +Sph + Po Cpyl Ge, Hg, In, Sph, Ga
Gd, La, Nd, quartz veins + Bi + Hes Sb, Se, Ti,
Sm . + \
Olilvcl)lc':ﬁclﬁzaarl Sericitization: o Ag, Au, Bi,
Ig\]/liocene’) V| ser+ Qz+Chl Sphl Cd, Co, Ga, Cpy, Gn
i P Hg, In, Sb, Py:
Se, Ti
Ag, Bi, Co,
Py4 Hg, Sh, Se, Cpy
Quartz-pyrite Ti,V, W
veins Py Cpy Ag, Au, Co,
Cpy2 Ge, In, Se, Gn
Ti, V
Epithermal Ag, Au, Co,
- Ag, Cd, Co, overprinting Py + Sph Pyl In, Sh, Ti Boul
Aspra Kerdylion Ga, Hg, In porphyry Granodiorite HR: + Boul + Apy Ag, Bi, Cd
Chomata UmUCh.alk.'d'k' Sb-Fe-Zn Sb, Se, Te, high-K calc- porphyry 24.53+0.31 Ma Argillic: Kin | Epithermal stage + Gn + Cpy Ga’Ge’ Hg’
ore district - Sphl " Boul, Cpy
w alkaline Cu-Au/ + Ttr In, Nb, Sh, '
Veins Ti, V, W

Abbreviations: Apy = arsenopyrite, Au = native gold, Bi = native bismuth, Boul = boulangerite, Chl = chlorite, Cpy = chalcopyrite, Gab = galenobismuthinite, Gn = galena, Hes = hessite,

IIm = ilmenite, KIn = kaolinite, Po = pyrrhotite, Py = pyrite, Qz = quartz, Rt = rutile, Ser = sericite, Sph = sphalerite, Th = tellurobismuthite, Ttn = titanite, Ttr = tetrahedrite, Urn = uraninite.
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1. Porphyry-epithermal systems and satellite

Main commodities: Cu-AuMo.

2. Polymetallic massive and quartz veins hosted in
metamorphic rocks and in shear zones subjected to
transpressional tectonics.

Main commodities: Cu-Fe-As-Zn-Pb-Sb

Oligocene-Miocene: hel‘n W E
- NW-SE normal faults Rhod
- NE-SW normal to oblique faults NW-SE Shortening 0,
- N-S strike-slip faults Oligocene / C°"lp/ S
ex
Serbo,
Late Oligocene-Miocene: A}/ VMacedo
- Reverse faults g’ 5 e’lfskos Zla." MaSs' /
NE-SW Extension Oligocene: - Unjg >SIf
A Eocene to Miocene - Chlorite bearing -
A \ Ductile to Brittle /" normal faults - . =
| Rhodope Massif
_J;v - N Kerdylion Unit
L s 2 S
N ey :
!
-,
hear zone| Granodioritic
Meteoric water flow- to granitic melts
low salinity et R e .
Low-density vapor phase of magmatic é.m’:umu?mm .....
origin-intermediate salinity ZsiHcur e Hialeophile eléments fu e 255
High-density liquid phase of magmatic K-rich magmatism producing shoshonitic
origin-high salinity (brine) and high-K calc-alkaline magmatic rocks:

mineralization set in an extensional tectonic regime.

- Low degree of melting

- Heterogeneous source enrichement

- Slab-derived incompatible elements

- Crustal assimilation: restricted to none
Incompatible elements: Ba, Cs, Hf, Nb, Rb, Sr, Ta, Th, U, Zr, REE.
Chalcophile elements: Ag, As, Bi, Cd, Ga, Ge, Hg, In, Pb, Sb, Se, Sn, Te, T, Zn.
CM: Critical and rare metals

40 km

Figure 9.1. Schematic model showing magma emplacement and Oligocene-Miocene tectonic

settings focusing on the central and the northern part of the Vertiskos Unit (Serbo-
Macedonian Massif). The distribution of porphyry-epithermal systems, and the
polymetallic massive and quartz veins hosted in metamorphic rocks is shown in
respect to the associated critical and rare metals groups (with information from Kilias
et al. 1999, Melfos and Voudouris, 2017, Voudouris et al. 2019a, Schaarschmidt et al.
2021a).
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CHAPTER 10. CONCLUSIONS

Critical and rare metals are related to the subsistence of the high-tech industry.
They are also associated with the ongoing transition towards a low-carbon society.
Supply risk highly challenges the sustainability of the high-tech industry and the goals
of the low-carbon society. Thus, the exploration of diversifying sources for critical
and rare metals is a high priority. Under this perspective, the present study
investigated selected Cenozoic deposits of the Serbo-Macedonian and Rhodope
metallogenic provinces in northern Greece focusing on the critical and rare metals
endowment. The mineralogy, geochemistry, and mineral chemistry of the deposits
found at Vathi, Gerakario, Laodikino and Kolchiko (Kilkis ore district), as well as in
Aspra Chomata (Kassandra mining district, NE Chalkidiki), were studied emphasizing
on the distribution and abundance of Ag, Au, Bi, Ce, Co, Ga, Gd, Ge, In, La, Nb, Nd,
Se, Sm, Ta, Te, Th, U and W. In addition, the correlation of these critical and rare
metals with the different hydrothermal alteration styles and mineralization stages was
explored, while the fluid inclusion study aims to clarify the formation conditions of
the mineralizations located at Laodikino, Kolchiko and Aspra Chomata.

Vathi porphyry Cu-Au+Mo deposit occurs in the northern part of the Kilkis ore
district in the Oligocene-Miocene SMMP. The porphyry style mineralization is
mainly hosted in latite and is genetically associated with the intrusion of quartz
monzonite (18 to 17 Ma). The quartz monzonite appears as fault-controlled, narrow,
elongated stocks, while latite forms a plug-shaped body. These two rocks are silica-
saturated and exhibit alkali calcic to slightly alkaline chemical affinities. A phreatic
breccia crosscuts the latite and was likely formed during the intrusion of the quartz
monzonite. The quartz monzonite and latite were affected by potassic and propylitic
alteration that were subsequently overprinted by sericitic alteration. The potassic
alteration is associated with the ore assemblage pyrite + chalcopyrite + bornite +
molybdenite + magnetite in M- and A-type veins, and the propylitic alteration is
related to pyrite + chalcopyrite, while the later sericitic alteration is associated with
the assemblage pyrite + chalcopyrite + native gold + tetradymite in D-type veins. The
assemblage sphalerite + galena + arsenopyrite + pyrrhotite + pyrite + stibnite +

tennantite is related to a subsequent epithermal overprinting event.
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1) Bulk geochemistry shows enrichments in critical and rare metals including Ag,
Au, Bi, Cd, Co, Ga, Ge, Hg, In, Nb, Sh, Se, Te, Th, V, W and REE (Ce, Gd, La, Nd
and Sm).

2) Native gold occurs in A-type veins crosscutting the potassic alteration that is
overprinted by sericitic alteration in quartz monzonite, and in D-type veins found in
both the quartz monzonite and the latite. Native gold is more widespread in the
sericitic alteration, where it occurs with tetradymite in the quartz monzonite, and with
wittichenite and cuprobismutite in the latite.

3) Samples from the potassic and sericitic alterations show significant enrichments
in rare metals including Ag, Au, Bi, Co, Se, Te and W. Rare-earth element enrichment
is not related to the porphyry and epithermal mineralizing events, but is attributed
mostly to rock-forming and supergene processes.

4) Pyrite at Vathi is enriched with Ag, Co, Sb, Se and Ti, while moderate and
weak enrichments have been detected for Bi, Hg, Te, V and W, and for In,
respectively. Chalcopyrite contains elevated concentrations of Ag, In and Ti and is
moderately enriched with Bi, Cd, Co, Ga, Hg, Se, Te, V and W, and weakly enriched
with Nb.

4) High concentrations of Co, Ga, Ge, Ti and V and low concentrations of Se and
W occur in magnetite. Titanite is a major host of REE including Ce, Gd, La, Nd and
Sm, as well as being a major host of Co, Ga, Ge, In, Sb, Se, Th and W.

5) Nano-scale mineral inclusions are likely related to the presence of Bi-sulfosalts
and native gold in pyrite in the potassically altered latite. In addition, chalcopyrite,
tetradymite and native gold in pyrite from the sericitic alteration in quartz monzonite,
pentlandite in pyrite from the sericitic alteration in latite, and galena in pyrite in the
epithermal overprint are also likely nano-inclusions. Nano-scale inclusions occur as
sphalerite and Bi-sulfosalts in chalcopyrite from the potassic alteration in latite, and as
Bi-sulfosalts in chalcopyrite from the sericitic alteration of the latite. Nano-scale
inclusions of galena are accommodated in chalcopyrite from E-type veins. Inclusions
of wittichenite, tetradymite and cuprobismutite reflect enrichments of Te and Bi in the
mineralizing fluids associated with sericitic alteration.

6) Magnetite from the potassic-calcic alteration of the quartz monzonite hosts
titanite inclusions, while minor amounts of nano-scale inclusions of galena likely
occur in magnetite from the potassic alteration in latite. Titanite from the potassic-

calcic alteration of the quartz monzonite contains no nano-inclusions.
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The epithermal quartz-stibnite veins of Gerakario (Oligocene-Miocene, Kilkis ore
district, SMMP) crosscut two-mica gneiss in the periphery of the Gerakario Cu-Au
porphyry deposit, which is hosted mainly in a syenite intrusion of Miocene age. The
formation of the veins is associated with a fault-induced epithermal stage and with
intermediate to low sulfidation hydrothermal fluids.

1) The ore mineralogy includes stibnite, berthierite, native antimony, pyrite,
arsenopyrite, and traces of marcasite, pyrrhotite, chalcopyrite, 16llingite and native
gold. Quartz and calcite appear as gangue minerals.

2) The bulk geochemistry of the quartz-stibnite veins revealed enrichments in
critical and rare metals including Ag, Au, Bi, Ce, Co, Ga, La and Sb. The profound
depletions in Hg and the incorporation of Ce and La contrast the geochemistry of the
Sb ores found in SE China.

4) The laser ablation ICP-MS analysis of stibnite show elevated contents of As,
Cu and Pb, and low to moderate enrichments in Ag, Bi, Ce, La, Re, Sm, Th, Ti and TI.
The depleted chemistry of stibnite in Hg, Se and Te further highlights the
predominance of base metals in the mineralizing fluids. Correlation coefficients for
the elemental pairs Ce-La, Ce-Sb and La-Sb in stibnite indicate positive correlations,
while the pair Bi-Sb shows a negative correlation.

5) The contents of As, Cu and Pb, are attributed to stoichiometric substitutions,
while As enrichments may be ascribed to arsenopyrite nano-scale inclusions.
Lanthanum and Ce ablation patterns are similar to those of As, Cu, Pb and Sb,
however their affiliation to stibnite remains ambiguous. La and Ce contents may be
hosted in fluid inclusions or in lattice defects or may be the result of matrix-derived
interferences.

6) Rare earth elements were sourced through leaching of carbonate wall rocks and
rock-forming minerals from the magmatic-hydrothermal fluids. Contents of light REE
may also be contributed by meteoric fluids. It is concluded that REE fractionation was
controlled by the co-precipitation of calcite as a gangue mineral and it was subjected
to physicochemical factors related to lattice structure, complexation, as well as
sorption and desorption.

The Laodikino metamorphic-and quartz-hosted shear-zone related polymetallic
vein mineralization occurs in the western part of the Oligocene-Miocene Kilkis ore
district in the SMMP. Mineralization stages include massive and banded (stratiform-

like) veins, pods, polymetallic massive and quartz veins, as well as disseminations and
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aggregates, which are hosted in two mica gneiss, biotite gneiss, and chlorite-
muscovite schist. The formation of the ore mineralization in Laodikino is ascribed to
several stages of mineralizing fluids introduced through a wide network of folds and
faults under the complex pre-Alpine to post-Alpine tectono-metamorphic evolution of
the western part of the Vertiskos Unit. The massive and banded (stratiform-like)
mineralization (VMS-style) was formed between middle and late Triassic under
fumarolic activity set in an undersea environment related to rifting and island-arc
mafic volcanism. The polymetallic massive and quartz veins are mainly controlled by
NW-trending faults and secondarily by NE-trending structures suggesting that they
were formed between early Oligocene and Miocene. The polymetallic massive veins
crosscut the Alpine D3 folds and are sub-parallel to or crosscut the post-Alpine D4
folds, while along shear zones they occur as lenses. The polymetallic quartz veins
appear discordant both to D3 and D4 folds. The magnetite-rich pods are locally
brecciated and found parallel to foliation.

1) The polymetallic massive veins host arsenopyrite + pyrite + chalcopyrite +
sphalerite + tetrahedrite = galena + pyrrhotite = magnetite = ilmenite + rutile +
cobaltite + altaite + pilsenite + electrum + native bismuth. Arsenopyrite and pyrite
were first precipitated, while Cu, Zn, Pb, Bi, Te and Au were later introduced
following brecciation.

2) The polymetallic quartz veins accommodate pyrite + chalcopyrite + sphalerite
+ galena + tetrahedrite. Pyrite from the polymetallic quartz veins is characterized by
irregular to ovoid replacements. Commonly, replacements consist of galena or
tetrahedrite-galena, and rarely of chalcopyrite-tetrahedrite-galena, chalcopyrite-
galena, or entirely of sphalerite or barite.

3) Alteration minerals associated with the polymetallic massive and quartz veins
include quartz, sericite, chlorite and calcite, while the oxidation assemblage consists
of hematite, goethite, malachite, azurite, chalcocite, covellite, cuprite and native
copper.

4) Bulk geochemical analyses of the polymetallic quartz veins showed major
enrichments in Ag and Sb, high contents in Cd, Hg, Bi, Se, In and Au, and moderate
enrichment in Co. Antimony is correlated with Ag, Cd, Hg, Bi, Se and In.

5) In the polymetallic quartz veins, pyrite is enriched in Co, chalcopyrite
incorporates Au, sphalerite contains Cd, Hg and In, while tetrahedrite hosts Ag, Bi, Sh
and Se. Mineral chemistry suggests that pyrite was deposited from mineralizing fluids
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enriched in Co and depleted in Ag, Au, Bi, Hg and In. Following brecciation,
mineralizing fluids enriched in base (Cu, Zn, Pb), and critical metals (Ag, Au, Bi, Cd
Hg, In, Sb, Se) were introduced in the system in temperatures varying from 175 to
300 °C. The formation of euhedral sphalerite incorporating Cd, Hg and In, preceded
the deposition of chalcopyrite where gold precipitated. Ag, Bi and Se, remained in the
residual mineralizing fluids and were included in tetrahedrite and possibly galena
concluding the ore deposition.

6) Altaite, cobaltite, electrum, pilsenite and native bismuth found in the
polymetallic massive veins reflect mineralizing fluids enriched in Au, Bi, Co and Te.
In contrary, the polymetallic quartz veins are characterized by Ag enrichment and
they lack in Bi-sulfosalts, Bi-tellurides, Au-Ag-tellurides, native bismuth and gold.

7) In the polymetallic quartz veins, pyrite (Pyl) contains base metals (As, Cu, Mn,
Mo, Ni, Pb), as well as critical and rare metals Co, Sbh, Se, Ti and V, which are
incorporated in the crystal lattice. Nano-scale mineral inclusions are not found in Py1.
In chalcopyrite (Cpyl), lattice bound base metals (As, Ni, Pb, Sn, Zn), and critical and
rare metals (Ag, Au, Bi, Cd, In, Sb, Se, Ti) are present. Nano-scale mineral inclusions
of galena, tetrahedrite and sphalerite are associated with Cpyl. Sphalerite (Sphl)
includes As, Cu, Fe, Mn, Ni and Sn, as well as Ag, Cd, Co, Ge, Hg, In, Se, Sb, Ti and
V, as solid solutions. Time-resolved laser ablation ICP-MS depth profiles support that
Ag, As, Bi, Cu, Pb and Sb could also be related to nano- or micro-scale inclusions of
tetrahedrite (Ttrl). In Ttrl, base metals (As, Cu, Fe, Mn, Ni, Pb, Sn, Zn), and critical
and rare metals (Ag, Au, Bi, Cd, Co, Ga, Ge, Hg, In, Sb, Se, Ti, V) are found as
stoichiometric substitutions and/or as solid solutions of the tetrahedrite-tennantite
group. Nano-scale minerals do not occur in Ttrl.

8) The magnetite-rich pods accommodate magnetite + pyrite + chalcopyrite +
rutile + ilmenite + galena + arsenopyrite + xenotime + bastnésite. Calcite, chlorite and
quartz are found as gangue and alteration minerals.

9) Bulk geochemical analysis of the magnetite-rich pods revealed that critical and
rare metals (Au, Bi, Ce, Ga, Gd, In, La, Nd, Sm) contents are slightly more enriched
compared to those from the hydrothermally altered and oxidized metamorphic rocks.
Enrichments in Ce, Gd, La, Nd and Sm are ascribed both to xenotime and bastnésite.

10) Textural characteristics and mineral chemistry indicate that magnetite was
formed first and is metamorphic in origin. Pyrite formation followed and was

subjected to recrystallization during regional metamorphism. Euhedral magnetite,
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rutile-ilmenite and arsenopyrite, as well as rounded inclusions of galena are hosted in
recrystallized pyrite. Chalcopyrite mainly forms overgrowths on pyrite and appears as
replacements along fractures in pyrite. Galena and chalcopyrite occurrence may be
related to Pb and Cu expulsion, respectively. Dysprosium is the only REE
incorporated in xenotime suggesting its diagenetic origin.

11) In the magnetite-rich pods, pyrite (Py2) incorporates restricted amounts of As,
Cu, Mn, Mo, Ni and Pb, and of critical and rare metals including Ag, Au, Bi, Co, In,
Sb, Se, Te, Ti and W. Elevated contents of Cu, Bi and Pb are related to chalcopyrite
nano-scale inclusions hosted in Py2. Chalcopyrite (Cpy2) includes Pb, Sn, Zn, as well
as Ag, Au, Bi, Co, Cd, Ga, Ge, In, Sb, Se and Ti, in crystal lattice. Nano-scale mineral
inclusions are not associated with Cpy2.

The Kolchiko metamorphic- and quartz-hosted polymetallic vein mineralization is
located in the southern part of the Oligocene-Miocene Kilkis ore district in the
SMMP. Mineralization styles include polymetallic massive and quartz veins, quartz-
pyrite veins, and disseminations and aggregates. The metamorphic host rocks are
mica-schists. Northwest trends characterize all the vein sets, while quartz-pyrite veins
occur in high angles. The formation of the ore mineralization was controlled by
several stages of tectono-metamorphic evolution and is similar to those described for
Laodikino and Drakontio. Various phases of hydrothermal fluids, with temperatures
varying between 240 and 444 °C, are associated with the mineralization deposition.
The polymetallic massive veins are overprinted by the Eocene to early Oligocene
retrograde greenschist facies metamorphism. Under these metamorphic conditions
doleritic intrusions and milky quartz-chlorite veins were also emplaced at Kolchiko.
The polymetallic quartz veins and the quartz-pyrite veins were developed under brittle
deformation. Their formation is most probably related to development of the late
Oligocene to early Miocene dextral strike-slip fault zone along the western edge of the
SMM.

1) The polymetallic massive veins contain arsenopyrite + pyrite + chalcopyrite +
galena + pyrrhotite + galenobismuthinite + native bismuth + native gold = titanite +
ilmenite + rutile + uraninite. They are subdivided into arsenopyrite- and pyrite-
dominated. The polymetallic quartz veins include pyrite + chalcopyrite + arsenopyrite
+ galena + sphalerite + pyrrhotite + native bismuth + hessite & tellurobismuthite. The
quartz-pyrite veins accommodate pyrite + chalcopyrite. Quartz is the gangue mineral

in the mineralized veins.
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2) Disseminations and aggregates of pyrite occur in sericitic hydrothermal halos.
The alteration assemblage includes sericite, quartz and chlorite.

3) Oxidation related to supergene processes resulted in the formation of goethite,
scorodite and covellite in the polymetallic massive veins, as well as of hematite,
anglesite and bismite in the polymetallic quartz veins.

4) In the polymetallic massive veins arsenopyrite and pyrite form porphyroblasts
and exhibit 120° dihedral angles related to annealing, suggesting response to
metamorphism. In addition, cataclastic texture suggest brittle deformation.

5) Open space filling textures and crack and seal processes are ascribed to the
formation of the polymetallic quartz veins and of the quartz-pyrite veins, respectively.

6) Fluid inclusion study of quartz from the polymetallic massive veins does not
indicate direct magmatic origin of the mineralizing fluids and rejects the exclusive
metamorphic origin. Homogenization temperatures have a maximum at 230 °C and
low salinities (4 to 12 wt.% NaCl equiv.).

7) The polymetallic massive veins are enriched in Au, Ce, La, U and W, relative
to the polymetallic quartz veins, which include higher contents of Ag, Bi, Cd, Co, Ga,
In and Te, as well as of Gd, Nd, Se, Sm and Th. Arsenic and Au are significantly
correlated in the polymetallic massive veins. The quartz-pyrite veins show
enrichments in Au, Bi, Sb and Te.

8) Arsenopyrite (Apyl) from the arsenopyrite-dominated polymetallic massive
veins incorporates restricted contents of Cr, Cu, Mn, Ni and Pb, as well as of Co, Sb,
Se, Ti, Te, Au, Ag, Hg and TI, which are found in crystal lattice or as nanoparticles in
growth zones. Nano-scale inclusions of galenobismuthinite may occur in Apyl.

9) Pyrite (Pyl) from the arsenopyrite-dominated polymetallic massive veins
contains Ag, Au, Sbh, Se and Ti, whereas As, Zn and Sn, as well as Ag, Au, Bi, Co, In,
Sh, Se, Te, Ti, V and W, are found in Py2 from the pyrite-dominated polymetallic
massive veins. In Py3 from the polymetallic quartz veins, Mn and Cr, as well as Ag,
Au, Bi, Co, Hg, Sb, Se, Ti and W are incorporated. Pyrite (Py4) from the pyrite-quartz
veins includes Ni, Pb, Cu, and Ag, BI, Co, Hg, Sbh, Se, Ti, V and W. These trace
elements are lattice bound or related to nanoparticles. Nano-scale mineral inclusions
may be related to galena and native bismuth in Pyl and Py3, and to
galenobismuthinite in Pyl and Py2. Pyrite (Py4) is free of nano-scale mineral

inclusions.
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10) Chalcopyrite (Cpy1) from the polymetallic quartz veins hosts base metals (As,
Cr, Mn, Pb, Zn), and critical and rare metals (Ag, Au, Bi, Cd, Co, Ga, Ge, Hg, In, Sb,
Se, Ti, V), which are lattice bound. The same is concluded for base metals (Ni, Sn)
and critical and rare metals (Ag, Au, Co, Ge, In, Se, Ti, V) included in Cpy2 from the
pyrite-quartz veins. Nano-scale mineral inclusions are ascribed to sphalerite and
galenobismuthinite in Cpyl, and to galena in Cpy2.

11) Sphalerite (Sphl) incorporates Cu, Mn and Pb, as well as Ag, Au, Bi, Cd, Co,
Ga, Hg, In, Sbh, Se and Ti, as solid solutions. Nano-scale inclusions of chalcopyrite
and galena are related to Sph1.

The Aspra Chomata porphyry deposit and epithermal vein mineralization belong
in the Kassandra mining district in NE Chalkidiki. The porphyritic stage is part of the
Stratoni granodiorite, which intruded biotite gneiss, amphibolite, and marble at the
footwall of the Stratoni fault during Oligocene. Magma differentiation during the
crystallization of the granodiorite led to the development of the porphyritic phase,
which is associated with distinct hydrothermal alterations. The potassic overprinted by
chloritic-sericitic alteration is associated with the metallic assemblage pyrite +
chalcopyrite, while the chloritic-sericitic and sericitic alterations are related to pyrite.
In the late sericitic alteration pyrite is also hosted in D-type veins. The assemblage
pyrite + sphalerite + boulangerite + arsenopyrite + galena + chalcopyrite + tennantite
is associated with a subsequent overprinting event and is hosted in sheeted epithermal
base metal sulfide veins. Bleaching and kaolinization of the granodiorite porphyry are
ascribed to the epithermal stage. The porphyry stage mineralization appears oxidized
at the surface.

1) Bulk geochemistry revealed that the sericitic alteration and the D-type veins are
significantly enriched in Cu and Au, as well as in Pb, Zn, Mo and Ag. Critical and
rare metals include Co, In, Se, Te and W, while the epithermal veins are relatively
more enriched in Ag, Cd, Ga, Hg and Sh. The epithermal vein mineralization is
depleted in Ce, La, Nb, Re and U compared to the D-type veins.

2) Bulk geochemistry and statistical analysis indicate that REE and Bi, Nb, Re,
Ta, Th, Ti, U and V are related to rock-forming processes and to the potassic
overprinted by chloritic-sericitic alteration, the introduction of Co, In, Se, Te and W is
ascribed to sericitic alteration and related D-type veins, while Ag, Cd, Ga, Hg and Sb

are associated with the epithermal stage.
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3) In the epithermal vein mineralization, pyrite and sphalerite were first deposited.
Pyrite crystallization continued resulting in overgrowths on sphalerite and in the
development of oscillatory zoning. Minor euhedral arsenopyrite is found as inclusions
in pyrite, while galena, chalcopyrite and tennantite appear in pyrite interstices.
Boulangerite occurs as replacements in pyrite and sphalerite and between quartz
grains.

4) Pyrite (Pyl) from the epithermal veins incorporates base (As, Cu, Pb, Zn), and
critical and rare metals (Ag, Au, Co, In, Sh, Ti) as stoichiometric substitutions or as
solid solutions in specific growth zones. Pyl exhibiting oscillatory zoning
incorporates significant contents of As which are correlated with Au and Ag contents.
The uncorrelated contents of As and Pb, Sb and Zn indicate the random incorporation
of these elements as solid solutions in specific growth zones enriched in As. In Pyl,
nano-scale minerals include boulangerite.

5) Sphalerite (Sphl) includes Mn, Cu and Sn, as well as Ag, Bi, Cd, Ga, Ge, Hg,
In, Nb and W, which are hosted as solid solutions. The absence of Co and the In
depletion, coupled with the Ga and Ge contents indicate that sphalerite was formed
under low temperatures. Hg and W were precipitated in Sphl rather than in co-
crystallizing Pyl. Nano-scale inclusions of boulangerite and chalcopyrite are related
to sphalerite (Sph1l).

The deliverables of this study add to the existing knowledge on the Au-Bi-Te
metallogeny in the Serbo-Macedonian metallogenic province in northern Greece.
Based on the relative abundances of the critical and rare metals two groups of
Oligocene-Miocene deposits are outlined in respect also to local structural settings.
The first group includes porphyry-epithermal and satellite mineralization set in an
extensional tectonic regime and enriched in Au-Bi-Co-Sb-Se-Te-W-REE. The second
group comprises veins hosted in metamorphic rocks ascribed to a stage of
transpressional to transtensional tectonic activity and strike-slip faulting. These vein
sets are enriched in Ag-Au-Bi-Cd-Hg-In-Sb-Se-Te-W.
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SUPPLEMENT 1

Supplement 1. Datasets of SEM-EDS analyses.

Table S1-1. The average values of the SEM-EDS analyses conducted on pyrite from Vathi. AVG = average value, b.d.l. = below detection limit, MAX = maximum value, MIN = minimum
value, n. = number of analyses, n.a. = not applicable, STDEV = standard deviation.

Hydrothermal alteration Potassic overptinted by sericitic Sericitic
Host rock Latite Quartz monzonite
Mineralization style Py1; Disseminated (n = 10) Py2; Disseminated (n = 11) Py2; D-type vein (n = 5)

Element MIN ‘ MAX ‘ STDEV ‘ AVG MIN ‘ MAX ‘ STDEV ‘ AVG MIN | MAX ‘ STDEV ‘ AVG
S 52.25 53.75 0.52 53.24 54.00 54.37 0.26 54.19 53.35 54.99 0.68 54.17

\% b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. na. na.
Fe 45.45 46.61 0.33 46.22 45.63 46.00 0.26 45.82 44.32 46.65 1.03 45.47

Co b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. na. na.

Ni b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. na. na.

Cu b.d.l. b.d.l. na. na. b.d.l b.d.l n.a. n.a. b.d.l. b.d.l. n.a. n.a.

As b.d.l. 0.50 0.22 0.16 b.d.l. b.d.l. na. na. b.d.l. b.d.l. n.a. n.a.

Ag b.d.l. b.d.l. n.a. n.a. b.d.l b.d.l. n.a. n.a. b.d.l. b.d.l. na. na.

Te b.d.l. b.d.l. na. na. b.d.l b.d.l n.a. n.a. b.d.l. 0.77 0.42 0.37

Au b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. na. na.

Bi b.d.l. b.d.l. n.a. n.a. b.d.l b.d.l n.a. n.a. b.d.l. b.d.l. n.a. n.a.
Total 98.73 100.50 0.57 99.62 100.00 100.00 0.00 100.00 100.00 100.00 0.00 100.00
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Table S1-1. Continued.

Hydrothermal alteration Sericitic Epithermal overprint
Host rock Latite
Mineralization style Py3; Disseminated (n = 55) Py3; D-type vein (n = 9) Py4; E-type vein, Assemblage 2 (n = 10)

Element MIN l MAX l STDEV l AVG MIN | MAX | STDEV | AVG MIN | MAX ‘ STDEV ‘ AVG

S 52.81 55.85 0.85 53.72 52.20 53.45 0.36 52.83 53.00 55.75 0.99 54.50

\% b.d.l 0.12 0.05 0.01 b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. n.a. n.a.

Fe 43.21 46.54 1.07 45.72 46.17 47.59 0.43 46.51 43.23 46.40 1.18 44.60

Co b.d.l 0.60 0.17 0.03 b.d.l. 0.10 0.04 0.02 b.d.l. 0.70 0.29 0.23

Ni b.d.l 0.73 0.24 0.05 b.d.l. b.d.l. n.a. n.a. b.d.l. 0.40 0.16 0.08

Cu b.d.l 2.00 0.55 0.12 b.d.l. b.d.l. na. na. b.d.l. 0.70 0.23 0.08

As b.d.l. 0.14 0.04 0.01 b.d.l. b.d.l. n.a. n.a. b.d.l. 1.53 0.61 0.64

Ag b.d.l. 0.54 0.15 0.03 b.d.l. b.d.l. n.a. n.a. b.d.l. 1.04 0.40 0.20

Te b.d.l. 0.71 0.20 0.02 b.d.l. b.d.l. n.a. n.a. b.d.l. 0.40 0.13 0.04

Au b.d.l. b.d.l. na. na. b.d.l b.d.l n.a. n.a. b.d.l b.d.l. n.a. n.a.

Bi 0.00 0.80 0.24 041 b.d.l. 0.40 0.20 0.19 b.d.l b.d.l. n.a. n.a.
Total 100.00 100.88 0.35 100.11 98.69 100.55 0.58 99.56 98.45 101.38 0.91 100.37
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Table S1-2. The average values of the SEM-EDS analyses conducted on chalcopyrite from Vathi. AVG = average value, b.d.l. = below detection limit, MAX = maximum value, MIN =
minimum value, n. = number of analyses, n.a. = not applicable, STDEV = standard deviation.

Hydrothermal alteration Potassic overptinted by sericitic ‘ Sericitic | Epithermal overprint
Host rock Latite
Mineralization style Cpy1; Disseminated (n = 9) Cpy2; Disseminated (n = 33) Cpy3; E-type vein, Assemblage 2 (n = 5)

Element MIN l MAX l STDEV l AVG MIN | MAX | STDEV | AVG MIN I MAX ‘ STDEV ‘ AVG
S 33.72 36.00 0.74 34.74 32.68 36.38 1.00 34.66 33.64 35.50 0.72 34.25

\% b.d.l. 0.36 0.16 0.10 b.d.l. 0.22 0.06 0.02 b.d.l. b.d.l. n.a. n.a.
Fe 28.55 31.44 0.89 30.23 25.76 33.20 1.57 29.82 29.21 30.49 0.58 29.91

Co b.d.l. b.d.l. n.a. n.a. b.d.l. 0.90 0.24 0.13 b.d.l. b.d.l. n.a. n.a.

Ni b.d.l. b.d.l na. na. b.d.l. 0.60 0.15 0.06 b.d.l. b.d.l. na. na.
Cu 33.46 35.82 0.72 34.75 31.57 35.61 1.13 33.78 34.17 35.85 0.66 35.33

As b.d.l. 0.35 0.15 0.09 b.d.l. 0.60 0.13 0.04 b.d.l. b.d.l. n.a. n.a.

Ag b.d.l. 0.30 0.15 0.14 b.d.l. 0.60 0.13 0.03 b.d.l. 0.37 0.18 0.17

Te b.d.l. b.d.l. n.a. n.a. b.d.l. 0.40 0.09 0.02 b.d.l. b.d.l. n.a. n.a.

Au b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. na. na. b.d.l. b.d.l. na. na.

Bi b.d.l. b.d.l. n.a. n.a. b.d.l 3.50 1.22 1.88 b.d.l. b.d.l. n.a. n.a.
Total 98.81 101.51 0.97 100.05 92.92 102.62 2.04 100.45 98.79 100.10 0.52 99.66
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Table S1-3. The average values of the SEM-EDS analyses conducted on magnetite from Vathi. AVG = average value, b.d.l. = below detection limit, MAX = maximum value, MIN = minimum
value, n. = number of analyses, n.a. = not applicable, STDEV = standard deviation.

Hydrothermal alteration Potassic-calcic Potassic overprinted by sericitic
Host rock Quartz monzonite Latite
Mineralization style Mag1l; Disseminated (n = 10) Magl; M-type vein (n = 5) Mag2; Disseminated (n = 20)
Element MIN l MAX l STDEV l AVG MIN | MAX | STDEV | AVG MIN I MAX ‘ STDEV ‘ AVG
Mg b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. na. na. b.d.l. 1.15 0.35 0.11
Al b.d.l. 0.43 0.18 0.11 b.d.l. b.d.l. n.a. n.a. b.d.l. 1.50 0.46 0.43
Si b.d.l. 0.56 0.26 0.24 b.d.l. b.d.l. n.a. n.a. b.d.l. 2.20 0.72 0.41
Ca b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. na. na. b.d.l. 0.41 0.15 0.09
Ti b.d.l. b.d.l na. na. b.d.l. b.d.l. n.a. n.a. b.d.l. 0.59 0.23 0.16
\% 0.32 0.59 0.11 0.49 0.32 0.48 0.08 0.40 b.d.l. 0.91 0.29 0.16
Cr b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. na. na. b.d.l. b.d.l. na. na.
Mn b.d.l. 0.10 0.04 0.03 b.d.l. 0.25 0.12 0.12 b.d.l. 0.76 0.23 0.08
Fe 71.44 75.82 1.66 73.64 72.12 73.96 0.78 72.71 70.00 77.05 1.78 74.57
Co b.d.l. b.d.l. na. na. 0.50 0.63 0.06 0.57 b.d.l. 1.59 0.65 0.50
Ni b.d.l. 0.03 0.01 0.01 b.d.l. 0.33 0.17 0.17 b.d.l. b.d.l. na. na.
Zn b.d.l. b.d.l. n.a. n.a. b.d.l. b.d.l. na. na. b.d.l. 1.07 0.37 0.22
(e} 22.72 27.98 1.76 26.05 25.67 27.13 0.64 26.33 22.38 26.00 1.24 23.63
Total 99.50 101.38 0.54 100.56 100.00 100.94 0.42 100.29 98.84 105.58 1.34 100.36
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Table S1-4. The average values of the SEM-EDS analyses conducted on titanite from Vathi. AVG = average
value, b.d.l. = below detection limit, MAX = maximum value, MIN = minimum value, n. = number of analyses,
n.a. = not applicable, STDEV = standard deviation.

Hydrothermal alteration Potassic-calcic
Host rock Quartz monzonite
Mineralization style Ttnl; Disseminated (n = 10) Ttnl; M-type vein (n = 10)
Element MIN ‘ MAX ‘ STDEV l AVG MIN ‘ MAX ‘ STDEV ‘ AVG
Mg b.d.l. b.d.l. n.a. n.a. b.d.l b.d.l. n.a. n.a.
Al 0.26 0.70 0.15 0.49 0.33 0.70 0.12 0.51
Si 15.07 15.80 0.22 15.56 15.07 15.80 0.23 15.59
Ca 19.06 20.11 0.31 19.56 19.41 20.09 0.24 19.62
Ti 17.89 20.00 0.58 18.57 17.98 20.57 0.88 18.91
\% b.d.l. 0.85 0.28 0.32 b.d.l. 0.85 0.27 0.34
Mn b.d.l b.d.l n.a n.a. b.d.l b.d.l n.a n.a
Fe 0.84 1.94 0.42 1.40 0.84 1.94 0.38 1.33
Nb b.d.l b.d.l. n.a. na. b.d.l. b.d.l. n.a. n.a.
(e] 40.73 41.27 0.16 41.07 40.73 41.26 0.17 41.08
Total 96.04 98.43 0.72 96.96 96.06 98.43 0.75 97.22

Table S1-5. The average values of the SEM-EDS analyses conducted on stibnite from Gerakario. AVG = average
value, b.d.l. = below detection limit, MAX = maximum value, MIN = minimum value, n. = number of analyses,
n.a. = not applicable, STDEV = standard deviation.

Hydrothermal alteration Sericitic
Host rock Two-mica gneiss
Mineralization style Stb1; Vein (n = 33)

Element MIN MAX STDEV AVG
S 28.02 29.20 0.52 28.53

\% b.d.l b.d.l. n.a. n.a.

Fe b.d.l. 0.18 0.08 0.11

Co b.d.l. b.d.l. na. n.a.

Ni b.d.l b.d. n.a n.a

Cu b.d.l 0.20 0.09 0.13

Zn b.d.l 0.13 0.06 0.05

As b.d.l 0.23 0.10 0.12

Ag 0.08 1.33 0.57 0.50

Te b.d.l. b.d.l. na. n.a.
Sh 69.47 71.08 0.75 70.56

Total 97.57 102.36 2.17 100
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Table S1-6. The average values of the SEM-EDS analyses conducted on pyrite and chalcopyrite from Laodikino. AVG = average value, b.d.l. = below detection limit, MAX = maximum value,
MIN = minimum value, n. = number of analyses, n.a. = not applicable, STDEV = standard deviation.

Mineral Pyrite Chalcopyrite
Hydrothermal alteration Chloritization Sericitization Chloritization Sericitization
Host rock Biotite schist Two-mica gneiss and schist Biotite schist Two-mica gneiss and schist
Mineralization style Py1; Veins and lenses (n = 43) Py2; Polymetallic quartz veins (n = 31) Cpyl; Veins and lenses (n = 28) Cpy2; Polymetallic quartz veins (n = 33)
Element MIN MAX STDEV AVG MIN MAX STDEV AVG MIN MAX STDEV AVG MIN MAX STDEV AVG
S 53.96 54.84 0.45 54.35 53.24 54.88 1.16 54.06 53.96 54.84 0.45 54.35 33.29 34.59 0.92 33.94
\% b.d.l. 0.07 0.04 0.02 b.d.l. b.d.l. na. na. b.d.l. 0.07 0.04 0.02 b.d.l. 0.04 0.03 0.02
Fe 45.29 46.73 0.68 46.17 45.80 46.96 0.82 46.38 45.29 46.73 0.68 46.17 29.14 29.65 0.36 29.40
Co b.d.l. 0.14 0.07 0.05 0.09 0.10 0.01 0.09 b.d.l 0.14 0.07 0.05 0.09 0.11 0.01 0.10
Ni b.d.l. 0.23 0.11 0.09 0.04 0.08 0.03 0.06 b.d.l 0.23 0.11 0.09 b.d.l. 0.02 0.01 0.01
Cu b.d.l. 0.18 0.08 0.11 0.02 0.08 0.04 0.05 b.d.l 0.18 0.08 0.11 33.60 34.56 0.67 34.08
As b.d.l. 0.54 0.26 0.16 0.04 0.19 0.11 0.12 b.d.l. 0.54 0.26 0.16 0.09 0.13 0.03 0.11
Ag b.d.l. 0.35 0.18 0.15 b.d.l 0.05 0.03 0.02 b.d.l. 0.35 0.18 0.15 b.d.l. b.d.l. n.a. na.
Te b.d.l. 0.12 0.06 0.05 0.07 0.23 0.11 0.15 b.d.l 0.12 0.06 0.05 b.d.l. 0.06 0.05 0.03
Total 99.24 103.19 1.92 101.14 99.30 102.56 231 100.93 99.24 103.19 1.92 101.14 96.21 100.21 0.04 100.18
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Table S1-7. The average values of the SEM-EDS analyses conducted on sphalerite from Laodikino.
AVG = average value, b.d.l. = below detection limit, MAX = maximum value, MIN = minimum value,
n. = number of analyses, n.a. = not applicable, STDEV = standard deviation.

Hydrothermal alteration Sericitization
Host rock Two-mica gneiss and schist
Mineralization style Sph1; Polymetallic quartz veins (n = 17)
Element MIN MAX STDEV AVG
S 33.10 34.05 0.67 33.58
Mn b.d.l 0.08 0.06 0.04
Fe 1.98 2.08 0.07 2.03
Ni b.d.l b.d. n.a n.a
Zn 64.21 64.82 0.43 64.52
As 0.07 0.11 0.03 0.09
Se 0.11 0.14 0.02 0.13
Ag b.d.l. 0.12 0.08 0.06
Cd b.d.l 0.13 0.09 0.07
Sn b.d.l. b.d.l n.a. n.a.
Sh 0.07 0.10 0.02 0.09
Te b.d.l. b.d.l. n.a. n.a.
Pb 0.17 2.05 1.33 111
Bi 0.63 0.66 0.02 0.64
Total 100.34 104.33 2.82 102.33

Table S1-8. The average values of the SEM-EDS analyses conducted on tetrahedrite from Laodikino.
AVG = average value, b.d.l. = below detection limit, MAX = maximum value, MIN = minimum value,
n. = number of analyses, n.a. = not applicable, STDEV = standard deviation.

Hydrothermal alteration Sericitization
Host rock Two-mica gneiss and schist
Mineralization style Ttrl; Polymetallic quartz veins (n = 54)
Element MIN MAX STDEV AVG
S 24.86 25.72 0.44 25.25
Fe 10.10 11.08 0.51 10.68
Cu 30.77 3171 0.48 31.30
Zn 1.96 2.20 0.13 2.06
As 1.70 1.77 0.04 1.74
Ag 0.36 0.45 0.04 0.40
Sb 28.87 29.73 0.45 29.22
Totals 98.62 102.67 2.09 100.65
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Table S1-8. The average values of the SEM-EDS analyses conducted on magnetite from Laodikino.
AVG = average value, b.d.l. = below detection limit, MAX = maximum value, MIN = minimum value,
n. = number of analyses, n.a. = not applicable, STDEV = standard deviation.

Hydrothermal alteration Chloritization
Host rock Biotite schist
Mineralization style Mag1; Veins and lenses (n = 18)
Element MIN MAX STDEV AVG
Mg b.d.l. 0.06 0.04 0.03
Al b.d.l. 0.13 0.07 0.06
Si 0.13 0.32 0.08 0.24
Ca b.d.l 0.04 0.02 0.01
Ti b.d.l. 0.32 0.14 0.13
\% b.d.l. 0.18 0.09 0.05
Cr b.d.l. 0.29 0.14 0.09
Mn b.d.l. 0.78 0.41 0.42
Fe 71.61 73.20 0.70 72.42
Co b.d.l 0.20 0.10 0.05
Ni b.d.l. 0.14 0.07 0.06
Zn b.d.l. b.d.l. n.a. n.a.
o 25.56 27.69 0.98 26.86
Totals 97.30 103.34 2.84 100.42

Table S1-9. The average values of the SEM-EDS analyses conducted on pyrite from Kolchiko.
AVG = average value, b.d.l. = below detection limit, MAX = maximum value, MIN = minimum value,
n. = number of analyses, n.a. = not applicable, STDEV = standard deviation.

Hydrothermal alteration

Sericitization

Host rock Mica schist
Mineralization style Py1; Polymetallic quartz veins (n = 27) Py2; Massive veins (n = 43)
Element MIN ‘ MAX ‘ STDEV ‘ AVG MIN ‘ MAX ‘ STDEV ‘ AVG
S 53.10 54.73 0.62 53.77 52.23 54.00 0.69 53.22
\% b.d.l. 0.30 0.13 0.08 b.d.l. 0.29 0.13 0.12
Fe 44.39 46.42 0.79 45.47 44.84 46.50 0.61 45.86
Co b.d.l 1.18 0.49 0.37 b.d.l. 131 0.49 0.40
Ni b.d.l. 0.44 0.21 0.15 b.d. 0.42 0.19 0.17
Cu b.d.l. 0.57 0.24 0.27 b.d.l 0.32 0.16 0.10
As b.d.l b.d.l na. n.a b.d. 0.39 0.13 0.21
Ag b.d.l. 0.43 0.18 0.24 b.d.l 0.57 0.23 0.17
Te b.d.l. 0.54 0.21 0.25 b.d.l 0.23 0.12 0.08
Total 97.49 104.62 2.88 100.60 97.07 104.01 2.75 100.34
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Table S1-10. The average values of the SEM-EDS analyses conducted on chalcopyrite and arsenopyrite from Kolchiko. AVG = average value,
b.d.l. = below detection limit, MAX = maximum value, MIN = minimum value,
n. = number of analyses, n.a. = not applicable, STDEV = standard deviation.

Minerals Chalcopyrite Arsenopyrite
Host rock Sericitization
Mineralization style Mica schist
Mineralization style Cpyl; Polymetallic quartz veins (n = 19) Apyl; Massive veins (n = 17)
Element MIN ‘ MAX ‘ STDEV ‘ AVG MIN ‘ MAX ‘ STDEV ‘ AVG
S 34.01 34.97 0.41 34.56 20.33 20.87 0.24 20.64
\% b.d.l. 0.41 0.24 0.20 b.d.l. 0.07 0.03 0.02
Fe 29.37 30.79 0.58 30.05 31.73 33.58 0.79 32.84
Co b.d.l. 0.53 0.26 0.21 b.d.l. 0.25 0.11 0.15
Ni b.d.l 0.43 0.18 0.18 b.d.l 0.25 0.12 0.10
Cu 33.57 35.10 0.64 34.22 b.d.l. 0.25 0.12 0.10
As b.d.l. 0.67 0.33 0.17 45.10 46.89 0.77 46.12
Ag b.d.l. 0.56 0.28 0.14 b.d.l. 0.21 0.11 0.09
Te b.d.l. 0.58 0.26 0.28 b.d.l. 0.15 0.09 0.07
Total 96.96 104.04 3.18 100.01 97.16 102.52 2.37 100.13

Table S1-11. The average values of the SEM-EDS analyses conducted on sphalerite from Kolchiko. AVG = average value, b.d.l. = below
detection limit, MAX = maximum value, MIN = minimum value, n. = number of analyses, n.a. = not applicable, STDEV = standard deviation.

Host rock Sericitization
Mineralization style Mica schist
Mineralization style Sph1; Polymetallic quartz veins (n = 5)
Element MIN ‘ MAX ‘ STDEV ‘ AVG
S 33.24 33.24 0.56 33.24
Mn b.d.l. b.d.l. na. n.a.
Fe 2.71 271 0.32 271
Ni 0.15 0.15 0.25 0.15
Zn 63.65 63.65 0.43 63.65
As b.d.l b.d.l n.a. n.a.
Se b.d.l b.d.l n.a. n.a.
Ag 0.27 0.27 0.47 0.27
Cd b.d.l b.d.l n.a. n.a.
Sn b.d.l. b.d.l. na. n.a.
Sb b.d.l. b.d.l. na. n.a.
Te b.d.l b.d.l n.a. n.a.
Pb 0.70 0.70 0.70 0.70
Bi b.d.l b.d.l n.a n.a
Total 100.72 100.72 2.74 100.72
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Table S1-12. The average values of the SEM-EDS analyses conducted on pyrite from Aspra Chomata.
AVG = average value, b.d.l. = below detection limit, MAX = maximum value, MIN = minimum value,
n. = number of analyses, n.a. = not applicable, STDEV = standard deviation.

Host rock Sericitic alteration
Mineralization style Granodiorite porphyry
Mineralization style Py1; Base metals vein (n = 74)

Element MIN ‘ MAX | STDEV ‘ AVG
S 52.31 53.79 0.66 52.91
Fe 44.09 46.44 0.86 45.09
Cu 0.00 0.13 0.05 0.02
Zn 0.00 0.09 0.04 0.05
As 0.32 1.50 0.45 0.83
Se 0.00 0.17 0.07 0.04
Ag 0.00 0.10 0.04 0.03
Cd 0.00 0.22 0.07 0.11
Sh 0.09 0.49 0.15 0.19
Pb 0.30 2.50 0.90 1.67

Totals 97.12 105.44 3.30 100.92

Table S1-13. The average values of the SEM-EDS analyses conducted on sphalerite from Aspra Chomata.
AVG = average value, b.d.l. = below detection limit, MAX = maximum value, MIN = minimum value,
n. = number of analyses, n.a. = not applicable, STDEV = standard deviation.

Host rock Sericitic alteration
Mineralization style Granodiorite porphyry
Mineralization style Sph1; Base metals veins (n = 27)

Element MIN ‘ MAX ‘ STDEV ‘ AVG
S 32.91 34.28 0.58 33.53
Mn 0.07 0.30 0.11 0.23
Fe 0.00 235 1.12 0.86
Ni 0.00 0.27 0.13 0.07
Zn 62.32 64.29 0.96 63.49
As 0.00 0.30 0.15 0.13
Se 0.00 0.15 0.08 0.04
Ag 0.00 0.20 0.10 0.11
Cd 0.00 0.46 0.19 0.25
Sn 0.00 0.17 0.08 0.06
Sb 0.00 0.29 0.14 0.10
Te 0.00 0.22 0.11 0.06
Pb 0.00 2.50 1.06 0.99
Bi 0.60 1.60 0.50 0.85
Total 95.90 107.39 531 100.77
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SUPPLEMENT 2

Supplement 2. Datasets of LA-ICP-MS analyses.

Table S2-1. The full list of the LA-ICP-MS data acquired from the analyzed pyrite from Vathi. b.d.l. = below detection limit, n. = number of analyses, n.a. = not analyzed.

Hydrothe_zrmal Potassic overprinted by sericitic
alteration
Host rock Latite
Sample 123
n. 1 2 3 4 5 6 7 8 9 10
Mineralization Py1; Disseminated
style
Average
detection limit
s ppm n.a. 563,875 585,384 561,337 610,758 594,502 562,381 603,442 598,476 616,559 689,644
Ti ppm n.a. 25 90 31 11,460 27 26 20 109 32 39
Sy ppm 0.77 b.d.l. 10.5 b.d.l. 110 3.1 b.d.l. b.d.l. 10 b.d.l. b.d.l.
SCr ppm n.a. 36 47 41 46 38 30 46 46 29 27
Mn ppm n.a. 56 84 50 73 67 49 56 90 48 51
“TFe ppm n.a. 465,500 465,500 464,800 458,000 458,000 458,000 458,000 458,000 458,000 458,000
*Co ppm 0.46 57 100 1,341 42 17 289 25 92 19 31
ONi ppm 2.8 1,101 9,448 505 137 30 1,304 11 32 8.5 38
%Cu ppm 43 68 199 b.d.l. 5.9 b.d.l. 7.6 b.d.l. 4.2 b.d.l. b.d.l.
%Zn ppm 5.4 b.d.l. 5,448 b.d.l. 8.3 7.1 b.d.l. 6.7 4.9 6.3 b.d.l.
"As ppm 9 350 339 2,767 3,953 4,150 7,117 5,009 4,550 4,622 5,655
TSe ppm 11 14 11 21 17 26 12 17 21 19 17
“Mo ppm 1.2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WTAg ppm 0.54 2.2 9.4 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
i ppm 0.2 b.d.l. 12 b.d.l. 0.09 0.10 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
185 ppm 0.64 b.d.l. b.d.l. b.d.l. 28 0.87 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
2Igph ppm 0.97 10 1.3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.46 0.34
2Te ppm 2.3 b.d.l. b.d.l. 30 7.9 5.3 b.d.l. 7.2 31 b.d.l. 8
B2\ ppm 0.63 16.22 b.d.l. b.d.l. 2.9 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
PTAy ppm 0.44 b.d.l. 1.3 b.d.l. 2.1 0.68 5.1 0.66 2.3 1.1 1.4
22Hg ppm 0.67 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
257 ppm 0.36 0.67 0.62 b.d.l. b.d.l. b.d.I. b.d.I. b.d.l. b.d.l. b.d.l. b.d.l.
2%8pp ppm 0.28 683 2827 b.d.l. 5.4 5.7 5.9 1.9 8.2 b.d.l. 0.56
9B ppm 0.22 32 88 b.d.l. 18 14 9.1 22 14 0.22 b.d.l.
Z2Th ppm 0.14 b.d.l. b.d.l. b.d.l. 1.7 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
=y ppm 0.12 b.d.I. b.d.l. b.d.l. 9.2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
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Table S2-1. Continued.

Hydrothgrmal Latite
alteration
Host rock Quartz monzonite
Sample Vath 43
n. 1 2 3 4 5 6 7 8 9
Mmesrg!:;atlon Py2; D-type vein Py2; Disseminated
Average
detection limit
g ppm n.a. n.a. n.a n.a. n.a n.a n.a. n.a. n.a. n.a.
i ppm n.a. 31 26 34 32 30 29 33 29 26
Y ppm 0.77 b.d.l. b.d.l. b.d.l. b.d.l b.d.l b.d.l. b.d.l. b.d.l. b.d.l.
3Cr ppm n.a. 45 46 42 40 46 43 36 39 35
*Mn ppm n.a. 53 55 56 58 55 59 53 58 54
*"Fe ppm n.a. 462,500 462,500 469,000 469,000 469,000 469,000 460,000 460,000 460,000
%Co ppm 0.46 13 19 11 76 11 93 19 8 19
ONi ppm 2.8 5.3 b.d.l 4.1 59 b.d.l 33 11 28 9
®Cu ppm 4.3 b.d.l. 13 14 16 b.d.l 12 b.d.l. b.d.l. b.d.l.
%Zn ppm 5.4 b.d.l b.d.l b.d.l 6 b.d.l b.d.l. b.d.l b.d.l. 6.8
"As ppm 9 b.d.l. 9.7 b.d.l b.d.l. b.d.l 9.7 b.d.l. b.d.l. b.d.l.
"Se ppm 11 b.d.l. 14 16 19 b.d.l 14 b.d.l. b.d.l. b.d.l.
| ™Mo ppm 1.2 b.d.l. b.d.I b.d.I b.d.I b.d.I b.d.l. b.d.I. b.d.l. b.d.l.
OTAg ppm 0.54 b.d.l. b.d.l b.d.l 0.65 0.34 b.d.l. b.d.l. b.d.l. b.d.l.
B ppm 0.2 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l b.d.l. b.d.l.
1185 ppm 0.64 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l b.d.l. b.d.l.
2igh ppm 0.97 3.2 3.1 2 25 2.9 2.3 2.7 2.4 21
5Te ppm 2.3 b.d.l. 184 15 1238 b.d.l. 557 b.d.l. b.d.l. b.d.l.
2w ppm 0.63 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
AU ppm 0.44 b.d.l. b.d.l. b.d.l. 2.2 b.d.l. 2.1 b.d.l. b.d.l. b.d.l.
M2Hg ppm 0.67 b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l. b.d.l b.d.l. b.d.l.
2057 ppm 0.36 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
208ppy ppm 0.28 b.d.l b.d.l b.d.l 4.3 0.54 1.8 b.d.l b.d.l. b.d.l.
29 ppm 0.22 b.d.l. b.d.l. b.d.l. 1771 b.d.l. 779 b.d.l. b.d.l. b.d.l.
Z2Th ppm 0.14 b.d.l. b.d.l. b.d.l. 0.11 b.d.l. b.d.l. 0.09 b.d.l. b.d.l.
7By ppm 0.12 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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Table S2-1. Continued.

Hydrothc_ermal Sericitic
alteration
Host rock Latite
Sample Vath 45 101
n. 1 2 3 4 5 1 2 3
Mineralization Py3; Disseminated
style
Average
detection limit
g ppm n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
i ppm n.a. 23 24 35 26 26 57 31 30
Y ppm 0.77 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 4.2 b.d.l. b.d.l.
S3Cr ppm n.a. 38 40 42 41 42 41 48 54
*Mn ppm n.a. 48 49 53 50 54 76 55 61
*"Fe ppm na. 468,100 460,100 465,500 465,500 450,600 465,000 465,000 465,000
%Co ppm 0.46 343 3,011 8,700 5,440 2,717 44 b.d.l. b.d.l.
ONi ppm 2.8 55 650 53 433 5,406 41 30 207
®Cu ppm 4.3 3.1 64 7.1 b.d.l. 76 13 b.d.l. b.d.l.
%Zn ppm 5.4 b.d.l. 3.3 4.6 3.1 3.6 9.9 b.d.l. b.d.l.
As ppm 9 6.8 8.7 31 27 1.9 46 45 63
"Se ppm 11 85 94 73 41 200 21 36 42
| ™Mo ppm 1.2 b.d.l. b.d.l. b.d.l. b.d.I. b.d.I. 2 b.d.I. b.d.I.
OTAg ppm 0.54 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.91 b.d.l. b.d.l.
Bin ppm 0.2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
1185 ppm 0.64 b.d.l. b.d.l. b.d.l. b.d.l. 0.46 b.d.l. b.d.l. b.d.l.
2igh ppm 0.97 b.d.l. b.d.l. 1.6 b.d.l. b.d.l. 0.70 0.58 b.d.l.
5Te ppm 2.3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
2w ppm 0.63 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
YAy ppm 0.44 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
M2Hg ppm 0.67 b.d.l. b.d.l. 0.56 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
2057 ppm 0.36 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
28ph ppm 0.28 0.43 2.4 6.7 b.d.l. 2.3 17 b.d.l. b.d.l.
29 ppm 0.22 0.18 0.19 0.18 b.d.l. b.d.l. 0.76 b.d.l. b.d.l.
Z2Th ppm 0.14 0.24 0.17 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
7By ppm 0.12 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

225




Table S2-1. Continued.

Hydrothgrmal Sericitic
alteration
Host rock Latite
Sample 111 124
n. 1 2 s [ 4 ] s 1 [ 2 I 5 6
Mineralization Py3; Disseminated
style
Average
detection limit
g ppm n.a. n.a. n.a. n.a. n.a. n.a. 766,581 | 754,688 | 830,456 | 791,118 | 759,614 | 699,177
i ppm n.a. 23 29 28 28 32 27 40 27 33 38 20
Sy ppm 0.77 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
3Cr ppm n.a. 36 52 70 54 31 45 40 50 39 46 45
*Mn ppm na. 57 60 58 58 59 54 55 53 54 50 54
*"Fe ppm na. 460,200 | 463,900 | 463,900 | 454,400 | 463,900 | 461,200 | 461,200 | 460,200 | 460,700 [ 460,700 [ 457,100
%Co ppm 0.46 0.73 54 567 b.d.l. b.d.l. 717 532 620 1,357 419 117
ONi ppm 2.8 2.3 362 58 b.d.l. b.d.l. 46 107 15 145 184 b.d.l.
®Cu ppm 43 b.d.l. 425 16 b.d.l. 43 5 26 13 6,966 b.d.l. 3,704
%Zn ppm 5.4 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 438 b.d.l. b.d.l. 45 7.1
As ppm 9 469 12 6.4 374 200 19 27 14 21 19 15
"Se ppm 11 13 30 21 19 21 28 61 15 26 25 19
| ™Mo ppm 1.2 b.d.l. 1.9 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
OTAg ppm 0.54 b.d.l. 1.3 0.34 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.40 b.d.l. 0.57
Bin ppm 0.2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
1185 ppm 0.64 b.d.l. 4.9 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
21gh ppm 0.97 0.76 b.d.l. 0.82 0.49 b.d.l. 0.47 0.60 0.50 0.45 0.88 0.62
5Te ppm 2.3 19 b.d.l. b.d.l. 38 41 b.d.l. b.d.l. b.d.l. b.d.l. 2.9 b.d.l.
2w ppm 0.63 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
AU ppm 0.44 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
D2Hg ppm 0.67 b.d.l. 0.46 b.d.l. 0.67 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
2057 ppm 0.36 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
28pp ppm 0.28 b.d.l. 5.5 0.47 0.84 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
9B ppm 0.22 b.d.l. 6.3 b.d.l. 1.3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Z2Th ppm 0.14 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
7By ppm 0.12 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
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Table S2-1. Continued.

H);?tr:rt;?(r);nal Epithermal overprint
Host rock Latite
Sample 128
n. 1 2 3 4 5 6 7
Mmesrg::satlon Py4; E-type vein
Average
detection limit
s ppm n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
OTi ppm n.a. 25 21 22 29 23 41 32
Sy ppm 0.77 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
S3cr ppm n.a. 34 34 30 35 36 30 42
*Mn ppm n.a. 53 49 48 49 53 48 53
*"Fe ppm n.a. 449,000 468,600 462,600 456,800 446,800 446,900 446,900
%Co ppm 0.46 51 71 108 195 2.25 15,619 17,106
N ppm 2.8 691 961 1575 2,153 814 31 6.1
%Cuy ppm 4.3 4.5 3.3 7.8 2.4 6.9 b.d.l. 59
%Zn ppm 5.4 b.d.l. b.d.l. b.d.l. 3.7 4.1 b.d.l. 11
As ppm 9 7.1 4.1 b.d.l. 4.7 6 29 6
se ppm 11 6.6 10 15 18 5.8 b.d.l. 14
[ ™Mo ppm 1.2 b.d.I. b.d.I. b.d.I. b.d.l. b.d.l. b.d.I. b.d.l.
TAg ppm 0.54 b.d.l. 0.49 1.4 3.7 6.6 0.84 0.94
)n ppm 0.2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.10
1185 ppm 0.64 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
21gh ppm 0.97 b.d.l. b.d.l. b.d.l. b.d.l. 2.9 1.2 0.96
57e ppm 2.3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
B2y ppm 0.63 4.4 9.4 b.d.l. 27 6.5 b.d.l. b.d.l.
AU ppm 0.44 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
2Hg ppm 0.67 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d..
2057 ppm 0.36 b.d.l. b.d.l. b.d.l. b.d.l. 1.2 b.d.l. b.d.l.
28pp ppm 0.28 7 4.3 1.1 2.5 60 8 16.2
9B ppm 0.22 b.d.l. b.d.l. 0.17 b.d.l. 0.88 1.7 1.0
Z2Th ppm 0.14 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
] ppm 0.12 b.d.l. 2.6 1.9 2.0 0.18 b.d.l. b.d.l.
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Table S2-2. The full list of the LA-ICP-MS data acquired from the analyzed chalcopyrite from Vathi. b.d.l. = below detection limit, n. = number of analyses, n.a. = not analyzed.

Hydrothgrmal Potassic overptinted by sericitic
alteration
Host rock Latite
Sample 123
n. 1 [ 2 ] s ] 4 | s [ s [ 7 ] 8 | 9 | 10
Mmesrg::satlon Cpyl; Disseminated
Average
detection limit
s ppm n.a. 354,503 | 390,531 | 462,803 | 410,091 | 435432 | 438,820 | 416,233 | 442,934 | 452,809 [ 427,203
OTi ppm 29 b.d.l. 30 28 41 26 b.d.l. 20 11 19 19
Sy ppm 22 6.9 3.9 b.d.l. 10.51 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Cr ppm 37 b.d.l. 38 b.d.l. b.d.l. 26 30 34 20 23 21
*Mn ppm n.a. 5,183 93 284 1,115 57 37 36 40 33 888
*"Fe ppm n.a. 304,200 | 304,200 | 304,200 | 304,200 | 304,200 | 304,200 | 304,200 | 304,200 [ 304,200 [ 304,200
%Co ppm 1 4.9 b.d.l. b.d.l. 4.9 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
N ppm 6 5.1 b.d.l. b.d.l. 6.2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
®Cu ppm n.a. 312,236 | 344,112 | 360,735 | 339,521 | 346,136 | 347,562 | 349,197 | 363,254 | 334,359 [ 345,304
%Zn ppm 11 137 5,147 518 201 946 704 265 158 2,392 239
"Ga ppm 25 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 2.2 b.d.l. b.d.l. b.d.l. b.d.l.
"Ge ppm 7.6 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 1.5 b.d.l. b.d.l. b.d.l.
®As ppm 14 62 56 73 75 71 83 72 60 58 59
TSe ppm 15 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
%Nb ppm 0.44 b.d.l. 0.26 b.d.l. b.d.l. 0.25 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
®Mo ppm 3.5 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Ag ppm n.a. 9.7 12 6.8 7.6 8.1 7.4 17 15 10 9.7
®7cd ppm 4.1 b.d.l. 45 5.7 b.d.l. 8.9 7.6 b.d.l. 4.4 15 b.d.l.
1n ppm n.a. 39 52 57 54 59 59 52 32 62 36
1185 ppm 17 b.d.l. 2.1 9 2.7 8.3 7.8 3 1.8 7.4 5.3
2Igph ppm 1.1 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Te ppm 7.8 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
B2\ ppm 15 9.9 b.d.l. b.d.l. 5.92 1 b.d.l. b.d.l. b.d.l. b.d.l. 1.6
®Re ppm 1 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
STAu ppm 0.81 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
2Hg ppm 1.3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d..
257 ppm 0.87 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.42 b.d.l. b.d.l. b.d.l.
28pp ppm 1.6 190 273 1.2 46 5.4 1.3 16 43 14 3.9
2B ppm 1.2 24 34 2.9 23 11 2.9 40 27 25 5.8
Z2Th ppm 0.32 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
=y ppm 0.31 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
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Table S2-2. Continued.

Hydrothgrmal Sericite Epithermal overprint
alteration
Host rock Latite
Sample 101 105
n. 1 2 1 2 3 4 5 6 7 8 9 10 1 2
Mmesrg!:;atlon Cpy2; Disseminated Cpy3; E-type vein
Average
detection limit
343 ppm n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Ti ppm 29 15 b.d.l. 16 12 21 b.d.l. b.d.l. 31 21 b.d.l. 15 19 45 b.d.l.
Sy ppm 2.2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Cr ppm 37 27 26 22 25 27 b.d.l. b.d.l. 55 b.d.l. 19 43 29 b.d.l. b.d.l.
*Mn ppm n.a. 30 30 37 32 35 42 32 38 34 34 34 32 31 322
*"Fe ppm n.a. 307,200 299,700 300,000 300,000 300,000 300,000 300,000 300,000 305,700 305,700 305,700 305,700 304,000 304,000
%Co ppm 1 b.d.l. b.d.l. 0.58 b.d.l. 0.74 5.3 b.d.l. b.d.l. 0.73 b.d.l. 1 b.d.l. b.d.l. b.d.l.
N ppm 6 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 4.2 4.1 b.d.l. 75 b.d.l. b.d.l.
®Cu ppm n.a. 357,026 421,253 375,855 371,692 367,270 365,680 340,234 362,767 376,972 373,405 360,816 366,417 340,657 340,199
%Zn ppm 11 19 30 31 b.d.l. 49 1,313 35 1,208 55 74 39 54 571 287
"Ga ppm 2.5 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
"Ge ppm 7.6 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 12 4.9 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 8.5
As ppm 14 12 25 7.2 b.d.l. 5.7 b.d.l. b.d.l. b.d.l. b.d.l. 4.8 b.d.l. b.d.l. b.d.l. b.d.l.
Se ppm 15 46 54 92 105 98 161 70 83 86 77 97 91 b.d.l. b.d.l.
"Nb ppm 0.44 n.a. n.a. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
®Mo ppm 35 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
TAg ppm n.a. 8 20 20 25 21 519 36 35 46 38 20 36 407 134
7cd ppm 4.1 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
1n ppm n.a. 19 11 47 50 36 3.1 46 30 13 24 57 36 0.98 57
83 ppm 1.7 144 113 126 120 122 18 101 123 126 123 102 141 91 48
2Igh ppm 1.1 b.d.l. 1.1 b.d.l. b.d.l. b.d.l. 48 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.. 3.4
7 ppm 7.8 b.d.l. b.d.l. 3.9 6.8 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 4.4 4.3 6.1 b.d.l. b.d.l.
B2 ppm 1.5 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 2 b.d.l.
®Re ppm 1 n.a. n.a. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
STAu ppm 0.81 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
2Hg ppm 1.3 b.d.l. b.d.l. 0.83 b.d.l. b.d.l. 50 b.d.I. b.d.I. 0.99 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
257) ppm 0.87 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 38 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
28pp ppm 1.6 9.2 9 3.9 75 11 13,912 b.d.l. 17 15 14 4.0 15 b.d.l. 27
2B ppm 1.2 0.34 11 4.4 4.6 13 3,111 b.d.I. 4.6 1.8 1.4 2.1 5.5 b.d.l. b.d.l.
Z2Th ppm 0.32 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
By ppm 0.31 n.a. n.a. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
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Table S2-3. The full list of the LA-ICP-MS data acquired from the analyzed magnetite from Vathi. b.d.I. = below detection limit, n. = number of analyses, n.a. = not analyzed.

Hydrothgrmal Potassic-calcic Potassic overptinted by sericitic
alteration
Host rock Quartz monzonite Latite
Sample Vath 44 123
n. 1 2 3 4 5 6 7 1 2 3 4 5 6 7 8 9
Mmesrg!:;atlon Magl; M-type vein Mag2; Disseminated
Average
detection limit
Al ppm n.a. 1,826 2,350 1,814 3,161 1,062 1,424 1,288 37,773 2,213 5,399 16,645 3,012 943 16,099 5,290 4,076
p ppm 102 b.d.l. b.d.l b.d.l b.d.l b.d.l 125 364 b.d.l. b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
g ppm 866 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 2595 b.d.l. b.d.l. 3116 b.d.l b.d.l. 2571 b.d.l. 856
®Ti ppm n.a. 3,553 2,928 1,533 1,784 1,503 1,932 1,046 1,237 1,421 2,466 1,774 1,330 1,074 1,347 1,954 2,468
Y ppm n.a. 3,657 3,576 3,531 3,725 3,804 4,176 3,875 2,735 2,516 2,006 2,587 1,830 2,832 2,304 2,351 2,263
*Cr ppm 70 52 39 60 52 216 282 87 183 96 b.d.l. 117 64 2,043 88 63 66
*Mn ppm n.a. 734 563 583 590 628 698 711 1,476 591 525 672 467 786 680 680 763
*"Fe ppm n.a. 723,600 723,600 723,600 723,600 722,200 722,200 721,800 723,600 723,600 723,600 723,600 723,600 723,600 723,600 723,600 723,600
¥Co ppm n.a. 10 12 10 13 11 12 14 11 6 5 4 5 10 3 9 12
ONi ppm 14 712 720 649 814 383 495 382 68 b.d.l. b.d.l. b.d.l. b.d.l 11 b.d.l b.d.l. b.d.l.
®Cu ppm 11 b.d.l. b.d.l b.d.l. b.d.l b.d.l. 36 107 b.d.l. b.d.l 23 71 13 b.d.l. 68 16 23
%Zn ppm n.a. 50 59 48 59 48 37 56 182 61 88 146 69 59 137 95 107
"Ga ppm n.a. 56 57 53 65 60 55 39 34 39 43 37 44 35 37 47 53
Ge ppm n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. b.d.l. b.d.l. b.d.l. b.d.l. 12 b.d.l. b.d.l. 16 b.d.l.
As ppm 31 b.d.l. b.d.l b.d.l b.d.l b.d.l 43 60 b.d.l. b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
"'Se ppm 40 3 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
%Nb ppm 1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l
| ™Mo ppm 6.4 b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l.
Tag ppm 25 b.d.l. b.d.l b.d.l. b.d.l b.d.l. 2 b.d.l b.d.l. b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l.
*cd ppm 9 b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l.
By ppm 0.72 b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l.
85 ppm 4.6 10 11 6 13 4 2 b.d.l. b.d.l. 3 5 b.d.l. 3 b.d.l. 4 5 6
215 ppm 3.2 b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l b.d.l b.d.l. b.d.l. b.d.l. b.d.l. 3 b.d.l.
125Tg ppm 26 b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l.
La ppm 0.78 b.d.l. 2 b.d.l. 3 1 1 4 b.d.l. b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l.
%Ce ppm 0.84 b.d.l. 3 b.d.l 6 1 1 8 b.d.l. b.d.l 1 b.d.l. b.d.l. b.d.l. b.d.l. 1 1
®Nd ppm 74 b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l.
7Sm ppm 4.1 b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l.
'Gd ppm 3.8 b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l.
2w ppm 2.7 b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l. b.d.l 13 b.d.l b.d.l. 7 b.d.l. b.d.l. 3 4 b.d.l.
BRe ppm 14 n.a. n.a. n.a. n.a. n.a. n.a. n.a. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l. b.d.l. b.d.l. b.d.l
AU ppm 1.6 b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l b.d.l. b.d.l b.d.l.
2Hg ppm n.a. na. n.a. na. na. na. na. na. n.a. na. n.a. n.a. na. n.a. na. n.a. na.
2057 ppm 2.8 b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l b.d.l. b.d.l b.d.l.
2%ph ppm 1.2 2 2 3 b.d.l. 8 59 46 33 b.d.l. 14 20 6 b.d.l. 23 11 14
] ppm 0.93 b.d.l. b.d.l b.d.l. b.d.l b.d.l. 1 b.d.l 4 b.d.l 3 4 1 b.d.l. 6 b.d.l 2
2T ppm 0.68 b.d.l. b.d.l b.d.l b.d.l b.d.l 1 23 b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l b.d.l. b.d.l b.d.l.
] ppm 0.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. b.d.l. 0 1 b.d.l. b.d.l. b.d.l. 1 b.d.l. b.d.l.
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Table S2-4. The full list of the LA-ICP-MS data acquired from the analyzed titanite from Vathi. b.d.l. = below detection limit, n. = number of analyses, n.a. = not analyzed.

Hydrothc_ermal Potassic-calcic
alteration
Host rock Quartz monzonite
Sample Vath 44
n. 1 2 3 4 5
Mineralization Ttnl; Disseminated
style
Average
detection limit
ZTAl ppm n.a. 5,002 4,672 11,513 4,505 4,785
Ip ppm 237 b.d.l. 984 365 738 381
s ppm n.a. n.a. n.a. n.a. n.a. n.a.
T ppm na. 195,000 195,000 189,900 195,300 203,100
Sy ppm na. 1,164 2,220 2,438 2,238 2,620
S3Cr ppm 74 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
*Mn ppm n.a. 713 477 581 311 408
°"Fe ppm n.a. 16,044 13,685 73,354 14,279 10,479
%Co ppm 3.9 b.d.l. b.d.l. 4 b.d.l. b.d.l.
N ppm 20 b.d.l. b.d.l. 130 b.d.l. b.d.I.
%Cu ppm n.a. 68 47 167 66 47
%Zn ppm 38 55 b.d.l. 63 44 38
%Ga ppm 8 b.d.l 13 35 12 14
"Ge ppm n.a. 24 40 39 33 40
As ppm n.a. 39 146 122 107 106
"'Se ppm 49 b.d.l. 73 94 101 141
%Nb ppm n.a. n.a. n.a. n.a. n.a. n.a.
| ™Mo ppm 9.8 7.8 b.d.l. 76 b.d.l. 11
ag ppm 2.8 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
7Cq ppm 19 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Bin ppm n.a. 7.2 10 4.9 8.9 7.8
85 ppm n.a. 1727 2503 1286 2383 2039
121gh ppm 3.4 b.d.l. 22 21 11 22
5T ppm 27 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
% 4 ppm n.a. 576 1,010 1,343 803 1,369
1Ce ppm n.a. 1,813 4,065 5,239 3,584 5,535
BNd ppm n.a. 872 3,078 3,956 3,485 4,215
1475m ppm n.a. 164 778 941 1,009 1,070
¥7Gd ppm n.a. 131 749 840 984 974
B2y ppm 5.3 b.d.l. 11 17 81 15
®Re ppm n.a. n.a. n.a. n.a. n.a. n.a.
AU ppm 1.6 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
2Hg ppm n.a. n.a. n.a. n.a. n.a. n.a.
2057| ppm 3.9 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
2%pp ppm n.a. 78 5.3 21 9.8 4
9B ppm 2 b.d.l. 2.1 2.9 2.8 3.4
Z2Th ppm n.a. 32 233 309 216 237
] ppm n.a. n.a. n.a. n.a. n.a. n.a.
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Table S2-5. The full list of the LA-ICP-MS data acquired from the analyzed stibnite from Gerakario. b.d.l. = below detection limit, n. = number of analyses, n.a. = not analyzed.

Hydrothgrmal Sericitic alteration
alteration
Host rock Two-mica gneiss
Sample Ger 02 Ger 05
n. 1 2 3 4 5 1 2 3 4 5 6 7 8 9 10
Mineralization Sth1: Vein
style
Average
detection limit
s ppm n.a. n.a. n.a. n.a. n.a. n.a. 325,100 326,461 312,332 323,054 306,726 298,248 287,051 291,923 285,300 272,881
OTi ppm n.a. 12 16 13 9.7 14 13 13 11 12 11 18 14 16 11 11
Sy ppm 0.52 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l. b.d.l. b.d.l
S3Cr ppm 6.8 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l. b.d.l. b.d.l
*Mn ppm 1 b.d.l. b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
*Fe ppm 33 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
%Co ppm 0.25 b.d.l. b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
N ppm 1.6 b.d.l. b.d.l. b.d.l b.d.l b.d.l 0.43 b.d.l b.d.l b.d.l. b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
%Cu ppm n.a. 51 48 51 55 48 40 41 39 33 32 35 35 33 30 29
%Zn ppm 4 b.d.l. b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
"Ga ppm 0.85 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Ge ppm 2.5 n.a. n.a. n.a. n.a. n.a. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l. b.d.l. b.d.l
As ppm n.a. 231 117 198 40 33 111 51 33 26 21 22 14 12 13 12
Se ppm 5.8 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l. b.d.l. b.d.l
%Nb ppm 0.08 n.a. n.a. n.a. n.a. n.a. b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l. b.d.l. b.d.l
®Mo ppm 0.81 b.d.l. b.d.l. b.d.l b.d.l b.d.l 0.23 b.d.l b.d.l b.d.l. b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Ag ppm 0.3 b.d.l. 0.58 b.d.l. 0.61 b.d.l. 0.70 0.91 b.d.l. 0.12 b.d.l. 0.22 0.62 0.37 0.14 0.22
Hicg ppm 0.9 b.d.l. b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
1n ppm 0.06 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.01 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l
1185 ppm 0.57 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.66 b.d.l. 0.64 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l
121gp ppm n.a. 716,500 712,700 714,600 710,800 710,800 711,200 711,200 711,200 711,200 711,200 711,200 711,200 711,200 711,200 711,200
157Te ppm 1.6 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l
% 4 ppm n.a. 86 82 82 82 81 24 26 24 26 24 24 25 24 24 24
140ce ppm n.a. 0.32 0.32 0.26 0.31 0.26 0.17 0.19 0.14 0.17 0.13 0.09 0.13 0.19 0.19 0.14
5Nd ppm 0.56 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l. b.d.l. b.d.l
¥7Sm ppm 0.33 b.d.l. b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 0.10 b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
BTGd ppm 0.33 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l
82y ppm 0.33 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l
BRe ppm 0.06 n.a. n.a. n.a. n.a. n.a. 0.03 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l
STAu ppm 0.24 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l. b.d.l. b.d.l
2Hg ppm 0.27 b.d.l. b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
2057 ppm 0.32 b.d.l. b.d.l. b.d.l 0.35 b.d.l b.d.l 0.54 b.d.l b.d.l b.d.l b.d.l b.d.l. 0.56 b.d.l b.d.l.
208pp ppm n.a. 151 151 148 165 152 117 114 113 111 108 105 104 102 98 98
209B;j ppm 0.24 b.d.l 0.20 b.d.l. 0.33 0.26 0.19 0.20 0.16 0.18 0.17 0.19 0.21 0.17 0.21 0.15
Z2Th ppm 0.06 0.02 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l. b.d.l. b.d.l
28y ppm 0.04 n.a. n.a. n.a. n.a. n.a. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
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Table S2-6. The full list of the LA-ICP-MS data acquired from the analyzed pyrite from Laodikino. b.d.l. = below detection limit, n. = number of analyses, n.a. = not analyzed.

Hydrothgrmal Sericitization
alteration
Host rock Two-mica gneiss and schist
Sample LAO 08b
n. 1 2 3 4 5 6 7 8 9 10
Mmesrg::éatlon Py1; Polymetallic quartz vein
Average
detection limit
OTi ppm n.a. 18 11 20 17 16 14 13 18 16 16
Sy ppm 0.6 b.d.l. b.d.l. b.d.l. b.d.I. b.d.l. b.d.l. 0.27 b.d.l. b.d.l. b.d.l.
*Cr ppm 14 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
*Mn ppm n.a. 4.3 4.2 4.7 5 2.9 4.5 3.9 5.3 5.6 5
°Fe ppm n.a. 466,200 466,800 466,800 463,100 463,100 460,600 460,600 460,600 460,600 460,600
*Co ppm n.a. 35 63 117 3,081 4,030 0.83 2.1 4.4 3.7 0.53
N ppm 15 411 266 190 85 48 31 164 249 464 109
%Cu ppm 3.6 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.I. 8.1 b.d.l. 17
%Zn ppm 8.3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
As ppm n.a. 474 242 180 506 593 76 118 274 487 123
Se ppm 5.1 26 19 19 18 9.3 13 19 15 17 35
*Mo ppm 1.2 b.d.l. 22 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WTAg ppm 0.35 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.I. b.d.l. b.d.l. b.d.l.
Bin ppm 0.05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
1185 ppm 0.7 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.I. b.d.l. b.d.l. b.d.l.
125 ppm 0.61 b.d.l. b.d.l. b.d.l. 1.8 b.d.l. 1.7 b.d.I. 1 0.56 0.56
Te ppm 2.4 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
2w ppm 0.6 b.d.l. b.d.l. b.d.l. b.d.I. b.d.l. b.d.l. b.d.I. b.d.l. b.d.l. b.d.l.
STAu ppm 0.29 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
22Hg ppm 0.46 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
257 ppm 0.37 b.d.l. b.d.l. b.d.l. b.d.I. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
208pp ppm 0.42 b.d.l. b.d.l. 0.21 0.57 b.d.l. 0.51 b.d.l. 0.26 b.d.l. b.d.l.
i ppm 0.28 b.d.l. b.d.l. b.d.l. b.d.I. b.d.l. b.d.l. b.d.I. b.d.l. b.d.l. b.d.l.
Z2Th ppm 0.11 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
8y ppm 0.11 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
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Table S2-6. Continued.

Hydrothgrmal Chloritization
alteration
Host rock Biotite gneiss
Sample LAO 08ii
n. 1 2 3 4 5 6 7 8 9 10 11 12
Mmesrg!:;atlon Py2: Pods
Average
detection limit
“Ti ppm n.a. 667 13 10 17 10 9.1 13 25 20 16 17 15
Sy ppm 0.6 1.4 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
>Cr ppm 14 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
*Mn ppm n.a. 25 4.7 4.2 19 6.3 4.4 18 6.9 5.6 86 259 6.1
*TFe ppm n.a. 462,500 462,500 462,500 462,500 462,500 463,500 463,500 463,500 463,500 461,900 462,500 462,500
*Co ppm n.a. 90 348 7 5.2 47 15 941 57 57 8.2 311 732
ONi ppm 15 371 1,000 200 20 188 17 22 10 97 96 101 30
Cu ppm 3.6 4.1 13 7,943 833 b.d.l. 188 951 324 212 1.8 3.9 1,898
%Zn ppm 8.3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 45 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
As ppm n.a. 444 757 148 20,896 704 11 1,292 1,069 120 435 341 14,429
Se ppm 5.1 106 88 6.9 b.d.l. 126 b.d.l. 13 5.3 b.d.l. 29 48 17
*Mo ppm 1.2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
7ag ppm 0.35 b.d.l. 0.55 4.6 1.1 b.d.l. 0.52 0.79 1.7 0.79 b.d.l. b.d.l. 13
Bin ppm 0.05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
183 ppm 0.7 1.02 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
215 ppm 0.61 0.71 b.d.l. 19 4.6 b.d.l. 17 23 17 29 b.d.l. 0.59 10
Te ppm 2.4 b.d.l. 4 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
®2w ppm 0.6 3.9 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
STAu ppm 0.29 b.d.l. b.d.l. 0.55 10 b.d.l. b.d.l. 0.52 b.d.l. b.d.l. b.d.l. b.d.l. 7.4
2Hg ppm 0.46 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
257 ppm 0.37 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.25 b.d..
28ph ppm 0.42 4.8 9.4 176 55 1.3 1.6 5.6 4.8 0.67 2.5 8.5 190
i ppm 0.28 35 2.8 81 19 0.89 b.d.l. 6.5 12 1.4 0.96 13 173
Z2Th ppm 0.11 b.d.l. b.d.l. b.d.l. 0.38 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
=8y ppm 0.11 b.d.l. b.d.l. b.d.l. 0.14 b.d.l. b.d.l. 0.14 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
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Table S2-6. Continued.

Hydrothgrmal Chloritization
alteration
Host rock Biotite gneiss
Sample LAOQ 08aii
n. 1 2 3 4 5 6 7 8 9 10 11 12
Mineralization Py2: Pods
style
Average
detection limit
Ti ppm n.a. 10 13 12 40 18 12 9.4 14 13 22 9.6 14
Sy ppm 0.6 b.d.l. 2.84 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
>Cr ppm 14 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Mn ppm n.a. 6.1 135 5.8 307 45 5.8 6.1 5.5 6.1 7.4 6.1 4.1
*"Fe ppm n.a. 463,000 463,000 463,000 463,000 463,000 463,000 463,000 463,000 463,000 469,800 463,000 463,000
*Co ppm n.a. 59 299 20 129 111 722 66 38 2,493 128 384 282
ONi ppm 15 30 51 90 211 431 b.d.l. 74 8.6 4 11 46 291
Cu ppm 36 982 635 543 27 b.d.l. 7.1 4,604 2,318 7.1 1,874 2,188 794
%Zn ppm 8.3 336 109 1,747 b.d.l. b.d.l. b.d.l. 297 84 b.d.l. 128 166 b.d.l.
®As ppm n.a. 2,529 3,890 1,409 564 833 25,092 3,784 15,814 41,077 16,331 4,596 504
"Se ppm 5.1 24 31 26 55 125 30 22 25 40 30 25 73
“Mo ppm 1.2 b.d.l. b.d.l. b.d.l. 4.4 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
7ag ppm 0.35 1.1 4.4 30 b.d.l. b.d.l. b.d.l. 6.6 35 b.d.l. 3.9 5.4 0.47
1n ppm 0.05 1.2 1.6 17 b.d.l. b.d.l. b.d.l. 7.4 3 b.d.l. 5.1 4.7 b.d.l.
183 ppm 0.7 b.d.l. 0.78 9.28 b.d.l. b.d.l. b.d.l. b.d.l. 0.58 b.d.l. b.d.l. b.d.l. b.d.l.
215 ppm 0.61 29 28 292 b.d.l. b.d.l. b.d.l. 15 7 b.d.l. 4.8 5.6 b.d.l.
Te ppm 2.4 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 4.6 b.d.l.
B2 ppm 0.6 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
STAu ppm 0.29 0.88 2.8 0.60 b.d.l. b.d.l. 12 2.6 7.1 21 12 3.7 b.d.l.
2Hg ppm 0.46 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
257 ppm 0.37 b.d.l. b.d.l. 3.4 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
2%8ph ppm 0.42 15 164 95 38 b.d.l. 1.1 94 32 b.d.l. 30 84 0.72
2B ppm 0.28 13 77 11 6.2 0.37 0.48 93 43 1.3 47 109 1.1
Z2Th ppm 0.11 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
=8y ppm 0.11 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
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Table S2-7. The full list of the LA-ICP-MS data acquired from the analyzed chalcopyrite from Laodikino. b.d.l. = below detection limit, n. = number of analyses, n.a. = not analyzed.

Hydrothgrmal Sericitization Chloritization
alteration
Host rock Two-mica gneiss and schist Biotite gneiss
Sample LAO 08b LAO 08aii
n. 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5
Mlne;'ta;:éatlon Cpy1; Polymetallic quartz vein Cpy2; Pods
Average
detection limit
OTi ppm 8.1 15 13 15 b.d.l. b.d.l. 10 13 b.d.l. 11 18 24 11 12 22 b.d.l.
Sy ppm 0.9 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 5.6 b.d.l. b.d.l. b.d.l. b.d.l.
*Cr ppm 21 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
*Mn ppm 2.7 b.d.l. 5.9 3.2 2.9 2.7 b.d.l. 2.3 3.6 2.9 5 1,310 100 3.4 2 3
*"Fe ppm n.a. 300,400 309,200 306,500 306,500 306,500 306,500 306,500 306,500 306,500 306,500 300,600 300,600 300,600 300,600 300,600
*Co ppm 0.54 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.89 b.d.l. b.d.l. b.d.l. b.d.l.
ONi ppm 3.4 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 5 8 b.d.l. b.d.l. b.d.l. b.d.l.
Cu ppm n.a. 350,636 371,730 345,018 387,695 348,697 395,275 367,835 348,756 362,024 339,060 315,311 368,739 360,970 320,596 309,749
%Zn ppm n.a. 77 256 232 244 251 166 284 202 232 152 95 56 58 55 41
"Ga ppm 1.6 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 1.8 b.d.l. b.d.l. b.d.l. b.d.l.
"Ge ppm 35 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 3.9 b.d.l.
"As ppm 4 13 168 6.8 9.2 11 b.d.l. 10 9.1 b.d.l. 33 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
TSe ppm n.a. 40 39 27 43 19 41 39 33 41 45 90 109 97 93 92
®Nb ppm 0.27 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
| ®Mo ppm 2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
7ag ppm n.a. 19 243 20 23 93 19 18 9 12 30 40 49 43 48 51
*cd ppm 22 b.d.l. b.d.l. b.d.l. 3.7 5.3 b.d.l. b.d.l. 5 4.9 b.d.l. b.d.l. b.d.l. 6.1 b.d.l. 5
B ppm n.a. 219 272 274 260 234 277 232 224 202 191 43 51 46 42 41
85 ppm n.a. 56 52 62 51 55 57 55 55 56 53 36 39 47 47 48
121gh ppm 1.2 93 469 70 59 224 76 136 8.8 68 164 b.d.l. 1.8 b.d.l. b.d.l. b.d.l.
5Te ppm 4.1 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
B2 ppm 0.98 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
BRe ppm 0.27 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
STAu ppm 0.47 0.83 2.4 0.78 2.7 2.9 1.6 0.96 0.92 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.77
22Hg ppm 0.81 1.2 3.3 1.4 4.8 1.9 1.2 1.2 0.69 0.88 0.43 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
257 ppm 0.54 b.d.l. b.d.l. b.d.l. b.d.l. 0.86 b.d.l. 1.9 b.d.l. b.d.I. 0.65 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
2%8ph ppm n.a. 212 492 17 9.7 157 68 136 7 48 80 35 1.8 1.4 0.83 4.1
2ogj ppm 0.42 3.9 2.2 1.2 b.d.l. 7.6 0.45 2.5 b.d.l. 1.3 3.2 3.6 2.4 1.4 0.40 0.71
Z2Th ppm 0.19 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
=5y ppm 0.18 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.56 b.d.l. b.d.l. b.d.l. b.d.l.
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Table S2-8. The full list of the LA-ICP-MS data acquired from the analyzed sphalerite from Laodikino. b.d.l. = below detection limit, n. = number of analyses, n.a. = not analyzed.

Hydrothgrmal Sericitization
alteration
Host rock Two-mica gneiss and schist
Sample LAO 08b
n. 1 2 3 4 5 6 7 8 9 10
Mmesrg::éatlon Sph1; Polymetallic quartz vein
Average
detection limit
Ti ppm 5.1 3.4 b.d.l. 7.3 b.d.l. b.d.l. 5.2 8.8 6.8 b.d.l. 48
Sy ppm 0.52 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.49 b.d.l. b.d.l.
>Cr ppm 12 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
*Mn ppm n.a. 217 289 254 281 235 246 281 393 254 262
*TFe ppm na. 10,848 12,435 11,269 11,792 12,367 18,932 15,856 16,370 12,494 12,241
*Co ppm 0.31 0.88 0.46 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.48
ONi ppm 1.7 b.d.l. 1.6 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Cu ppm n.a. 299 8,117 467 2,137 392 29,474 7,868 2,491 455 311
%Zn ppm na. 645,500 640,400 645,500 640,400 640,400 645,500 645,500 645,500 645,500 645,500
"Ga ppm 0.86 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
"Ge ppm 1.9 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 1.7
As ppm 1.9 b.d.l. 92 13 45 6 1,605 170 9.2 4.1 b.d.l.
"'Se ppm n.a. 28 22 17 24 24 45 40 40 9.3 56
“Nb ppm 0.16 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
| ™Mo ppm 1.2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WTag ppm n.a. 1.1 135 5.7 42 2.1 814 161 54 9.4 0.84
B7cd ppm n.a. 2,198 2,301 2,290 2,390 2,292 2,596 2,676 2,638 2,289 2,621
B ppm n.a. 361 308 289 302 302 630 594 610 341 429
83 ppm 0.64 b.d.l. 0.34 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.84 b.d.l.
121gh ppm 17 b.d.l. 180 33 69 5.2 1,369 884 30 22 0.49
5Te ppm 2.2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
e ppm 0.59 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
BRe ppm 0.15 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
STAu ppm 0.24 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
22Hg ppm n.a. 99 152 148 130 151 150 182 163 165 182
257 ppm 0.33 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
2%8ph ppm 0.71 b.d.l. 2.2 6.8 45 3 6,678 1,625 b.d.l. 6 b.d.l.
209gj ppm 0.24 b.d.l. b.d.l. b.d.l. 0.35 b.d.l. b.d.l. 3.3 b.d.l. b.d.l. b.d.l.
Z2Th ppm 0.11 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
=8y ppm 0.1 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.41 0.42 b.d.l. b.d.l. b.d.l.
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Table S2-9. The full list of the LA-ICP-MS data acquired from the analyzed tetrahedrite from Laodikino. b.d.l. = below detection limit, n. = number of analyses, n.a. = not analyzed.

Hydrothgrmal Sericitization
alteration
Host rock Two-mica gneiss and schist
Sample LAO 08b
n. 1 2 3 4 5 6 7 8 9 10
Mineralization Ttrl; Polymetallic quartz vein
style
Average
detection limit
OTi ppm 4.6 12 5.7 13 6.7 5.9 5.1 9.1 6.2 b.d.l. 6.6
Sy ppm 0.46 b.d.l. 0.27 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.38 b.d.l. b.d.l.
>Cr ppm 12 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
*Mn ppm n.a. 26 21 73 43 45 41 32 604 886 634
*TFe ppm na. 26,881 23,335 24,349 22,684 23,945 24,290 24,245 26,907 25,532 28,664
*Co ppm 0.26 0.44 0.29 b.d.l. 0.79 b.d.l. b.d.l. b.d.l. 1.7 4.9 1.2
ONi ppm 1.6 2.6 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 4.2 3.8 3.4
Cu ppm n.a. 347,300 347,300 347,300 347,300 343,200 343,200 346,300 343,200 343,200 344,200
%Zn ppm na. 59,039 58,404 61,419 56,625 51,775 52,705 49,924 58,230 63,501 60,018
"Ga ppm 0.93 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.73 0.59
"Ge ppm 2.2 2.6 2.4 b.d.l. 2 b.d.l. 2 b.d.l. b.d.l. b.d.l. 3.3
"As ppm na. 30,778 35,141 37,099 31,635 33,270 28,968 32,662 36,748 39,403 41,510
Se ppm n.a. 100 97 109 103 84 95 99 105 95 88
“Nb ppm 0.16 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
| ™Mo ppm 1 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WTag ppm n.a. 5,649 6,313 7,185 6,316 5,771 5,771 5,862 6,519 6,778 6,221
B7cd ppm n.a. 509 487 546 444 447 443 463 519 669 591
Bn ppm na. 15 16 17 15 14 15 15 16 18 17
83 ppm 0.58 b.d.l. b.d.l. 0.78 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.69
215 ppm na. 259,108 252,418 269,870 255,928 234,400 238,676 239,801 260,567 267,774 277,613
5Te ppm 2.2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
1 4 ppm n.a. 6.9 8.5 8.8 8.4 7.0 75 75 9.1 9.4 11
M0Ce ppm 0.06 b.d.l. b.d.l. b.d.l. b.d.l. 0.05 b.d.l. b.d.l. 24 4.6 4.4
SNd ppm 0.65 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 1.6 2.2 2.5
1#T5m ppm 0.62 b.d.l. b.d.l. 1.1 1.1 1 0.72 17 1.6 2 2.2
B1Gd ppm 0.38 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.72 0.82 1.2
2w ppm 0.56 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
*Re ppm 0.15 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
STAu ppm 0.2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.83 0.55 b.d.l.
22Hg ppm n.a. 54 72 65 57 72 73 73 75 98 81
57 ppm 0.39 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.25 0.52 b.d.l. 0.36 0.29
205ppy ppm na. 1.3 43 3.4 15 3.1 7.5 5.8 39 121 67
2B ppm n.a. 229 223 248 222 267 262 274 312 320 319
Z2Th ppm 0.1 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
] ppm 0.1 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.91 1.4 1.4
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Table S2-10. The full list of the LA-ICP-MS data acquired from the analyzed magnetite from Laodikino. b.d.l. = below detection limit, n. = number of analyses, n.a. = not analyzed.

Hydrothgrmal Chloritization
alteration
Host rock Biotite gneiss
Sample LAO 08ii
n. 1 2 3 4 5 6 7 8 9 10
Mineralization Mag: Pods
style
Average
detection limit
ZTAl ppm n.a. 300 339 169 180 123 343 242 1,176 219 235
3lp ppm 48 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 45.81 b.d.l.
OTi ppm n.a. 186 303 182 135 138 142 222 143 179 201
Sy ppm n.a. 524 491 586 442 426 424 433 490 570 580
Cr ppm 52 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 208 46 b.d.l.
*Mn ppm n.a. 623 718 604 582 546 924 977 935 727 770
*TFe ppm na. 723,500 723,500 723,500 723,500 723,500 723,500 723,500 723,500 723,500 723,500
%Co ppm 2 2.7 2.1 2.5 b.d.l. 3.1 2.1 b.d.l. b.d.l. 1.8 1.7
ONi ppm n.a. 62 92 92 40 56 72 80 60 31 41
Cu ppm 13 b.d.l. 54.17 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 51.95 b.d.l. b.d.l.
Zn ppm n.a. 25 36 38 37 37 59 45 30 48 50
"Ga ppm n.a. 10 14 13 8.5 7.4 9.3 11 11 10 6.5
"Ge ppm 6.8 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 5.2
"As ppm 7.3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Se ppm 4 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
%Nb ppm 0.41 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
®*Mo ppm 3.1 b.d.l. b.d.l. b.d.l. 2.9 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
7ag ppm 1.5 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
"cd ppm 9.4 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
BIn ppm 0.13 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
1183 ppm 2.2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
215 ppm 4.1 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
5Te ppm 12 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
L ppm 0.24 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.12 b.d.l. b.d.l. b.d.l. b.d.l.
Ce ppm 0.18 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.15 b.d.l. 0.52 b.d.l. b.d.l.
®Nd ppm 2.8 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
¥7Sm ppm 1.2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
7Gd ppm 1.5 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
2w ppm 1.7 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
"Re ppm 0.46 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
STAu ppm 0.43 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
D2Hg ppm 2.2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.63 b.d.l.
2057 ppm 0.82 b.d.l. 0.96 b.d.l. 2 b.d.l. b.d.l. b.d.l. 5.1 b.d.l. b.d.l.
205ppy ppm 1.2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
i ppm 0.25 b.d.I. b.d.l. b.d.l. b.d.l. b.d.l. 0.19 b.d.l. b.d.l. b.d.l. b.d.l.
Z2Th ppm 0.37 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
28y ppm n.a. 300 339 169 180 123 343 242 1,176 219 235
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Table S2-11. The full list of the LA-ICP-MS data acquired from the analyzed pyrite from Kolchiko. b.d.l. = below detection limit, n. = number of analyses, n.a. = not analyzed.

Hydroth(_ermal Sericitization
alteration
Host rock Mica schist
Sample KL 07i KL 13ii
n. 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7
Mmesrg!;;atlon Py1; Polymetallic quartz veins
Average
detection limit
Ti ppm n.a. 12 13 17 16 7.7 11 18 10 5.9 9.5 32 37 21 27 22 18 18
Sly ppm 0.52 b.d.l. b.d.l. b.d.l. b.d.l. 0.24 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
*Cr ppm 13 b.d.l. b.d.l. b.d.l. 11 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 45 40 34 44 39 33 37
*Mn ppm n.a. 438 4.9 5.6 5.5 4.9 4.4 5 4.9 4.4 20 60 52 48 55 47 47 49
*"Fe ppm n.a. 460,500 460,500 460,500 461,800 460,500 460,500 460,500 460,500 465,500 465,500 462,400 462,400 462,400 462,400 454,700 460,300 460,300
*Co ppm 0.46 776 396 359 439 205 396 2,155 517 216 333 57 476 376 314 528 428 298
N ppm 2.6 612 275 249 310 143 216 1,713 318 147 228 9.4 140 98 76 122 88 172
®Cu ppm 5 7 108 b.d.l. 6.5 124 b.d.l. 9.6 4.4 3.8 95 4.6 6.9 11 b.d.l. 4.6 27 82
%Zn ppm 7.4 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 43 b.d.l. b.d.l. b.d.l. b.d.l.
As ppm 1.1 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
"TSe ppm 0.38 1 1.8 b.d.l. 0.38 b.d.l. b.d.l. 0.80 b.d.l. b.d.l. 0.36 0.87 1.9 0.90 1.2 13 5.6 8.7
| ™Mo ppm 0.05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Tag ppm 0.66 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.43 0.42 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
By ppm 0.49 0.79 1.3 0.55 b.d.l. 2.9 5 8.1 17 0.46 b.d.l. 22 6 3.6 26 1 b.d.l. 0.75
1183 ppm 2.5 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
2Igp ppm 0.68 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 1.7 5.4 76 3 1.4 10 b.d.l. b.d.l.
5Te ppm 0.24 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
B2y ppm 0.60 b.d.l. b.d.l. b.d.l. 0.81 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.42 0.44 0.67 0.67 b.d.l. 0.53
TAu ppm 0.30 b.d.l. 0.82 b.d.l. b.d.l. 0.32 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
22Hg ppm 0.20 84 16 52 18 28 120 94 65 9.7 7.2 18 33 1.4 46 94 456 10
2057 ppm 0.29 0.39 0.23 b.d.l. 4 8.1 0.32 1.1 0.84 0.27 3.4 b.d.l. 21 0.86 1.6 5.1 13 0.44
208ppy ppm 0.11 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
i ppm 0.11 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
2Th ppm n.a. 12 13 17 16 77 11 18 10 5.9 9.5 32 37 21 27 22 18 18
By ppm 0.52 b.d.l. b.d.l. b.d.l. b.d.l. 0.24 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
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Table S2-11. Continued.

Hydrothgrmal Sericitization
alteration
Host rock Mica schist
Sample KL13iii KOLX 0la
n. 1 2 3 4 5 6 7 8 1 2 3
Mlne;'ta;:éatlon Py1; Polymetallic quartz veins Py2; Massive veins
Average
detection limit
OTi ppm n.a. 8.4 8.6 18 52 15 11 5.9 12 21 9.6 18
Sy ppm 0.52 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Cr ppm 13 11 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
*Mn ppm n.a. 5.1 5.5 5.4 64 438 4.9 4.9 6.2 7 43 5.4
*"Fe ppm n.a. 465,000 465,000 465,000 465,000 463,200 463,200 463,200 463,200 458,800 458,800 458,800
*Co ppm 0.46 428 532 258 467 373 312 623 381 b.d.l. b.d.l. b.d.l.
N ppm 2.6 113 68 72 92 92 84 182 62 b.d.l. b.d.l. b.d.l.
®Cu ppm 5 b.d.l. b.d.l. b.d.l. 33 9.5 39 37 8.3 b.d.l. 17 33
%Zn ppm 7.4 b.d.l. b.d.l. b.d.l. 5.9 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
As ppm 1.1 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Se ppm 0.38 5.1 15 2.1 2.8 4.6 3 2 4.9 2 b.d.l. 3.1
[ ™Mo ppm 0.05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Tag ppm 0.66 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
51n ppm 0.49 1.4 13 2 0.55 0.55 0.71 0.78 0.47 55 38 73
1185 ppm 25 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l. b.d.l.
21gh ppm 0.68 3.3 10 7.8 7.9 b.d.l. 0.56 b.d.l. 1.6 b.d.l. b.d.l. b.d.l.
57e ppm 0.24 0.20 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.59
B2y ppm 0.60 b.d.l. 0.47 0.54 b.d.l. 0.34 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
PTAu ppm 0.30 0.62 b.d.l. b.d.l. 0.71 b.d.l. 0.25 b.d.l. b.d.l. 3.2 0.91 2.8
2Hg ppm 0.20 41 73 88 42 22 27 100 6.6 16 4.9 44
2057 ppm 0.29 7 0.49 0.74 2.1 14 14 b.d.l. 1 15 5.1 196
28pp ppm 0.11 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
2B ppm 0.11 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Z2Th ppm n.a. 8.4 8.6 18 52 15 11 5.9 12 21 9.6 18
=By ppm 0.52 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
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Table S2-11. Continued.

Hydrothgrmal Sericitization
alteration
Host rock Mica schist
Sample KOLX 02a
n. 1 2 3 4 5 6 7 8 9 10
Mineralization Py3; Massive veins
style
Average
detection limit
i ppm na. 17 14 25 14 19 16 16 12 11 12
Sy ppm 0.52 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
>Cr ppm 13 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
*Mn ppm n.a. 4.7 6.2 5.1 4.3 4.5 6.5 4.8 3.8 5.4 3.3
*"Fe ppm na. 463,600 463,600 463,600 463,600 463,600 463,600 463,600 463,600 463,600 463,600
¥Co ppm 0.46 12 7.2 23 22 0.26 4 32 17 31 27
ONi ppm 2.6 16 7.7 24 13 3.2 6.6 5.9 15 25 33
®Cu ppm 5 b.d.l. 536 18 791 1,847 36 32 781 b.d.l. b.d.l.
Zn ppm 7.4 b.d.l. 20 b.d.l. 65 173 b.d.l. b.d.l. 37 b.d.l. b.d.l.
"As ppm 1.1 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
"Se ppm 0.38 b.d.l. 11 2.4 10 15 6.8 21 4.5 b.d.l. b.d.l.
| ™Mo ppm 0.05 b.d.I. 1.4 b.d.l. 2.2 12 b.d.I. b.d.l. 1.8 0.06 b.d.I.
TAg ppm 0.66 b.d.l. 2 b.d.l. 2.7 11 b.d.l. b.d.l. 1.5 b.d.l. b.d.l.
By ppm 0.49 b.d.l. 12 1 1.3 15 0.76 0.36 21 b.d.l. 0.37
1183 ppm 2.5 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
215 ppm 0.68 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
5Te ppm 0.24 b.d.l. b.d.l. 0.27 b.d.l. 0.29 0.22 b.d.l. b.d.l. b.d.l. b.d.l.
2y ppm 0.60 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
STAu ppm 0.30 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
M2Hg ppm 0.20 b.d.l. 761 41 223 1,134 189 158 191 0.25 b.d.l.
2057 ppm 0.29 b.d.l. 366 95 171 333 134 250 102 0.39 b.d.l.
208ppy ppm 0.11 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
i ppm 0.11 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
22T ppm n.a. 17 14 25 14 19 16 16 12 11 12
7By ppm 0.52 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
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Table S2-11. Continued.

Hydrothgrmal Sericitization
alteration
Host rock Mica schist
Sample KOLX 03c
n. 1 2 3 4 5 6 7 8 9 10 11 12
Mmesrg!:;atlon Py3; Massive veins
Average
detection limit
i ppm n.a. 18 23 16 10 11 17 9.5 22 14 16 17 12
Sy ppm 0.52 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.24 b.d.l. b.d.l. b.d.l.
>Cr ppm 13 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 12 b.d.l. b.d.l. b.d.l. b.d.l.
*Mn ppm n.a. 5.7 5.1 4.8 3.4 5.3 4.4 4.8 4.5 4.6 4.8 5.3 5.9
*"Fe ppm n.a. 462,700 462,700 462,700 462,700 462,700 462,700 462,700 462,700 462,700 462,700 462,400 462,400
¥Co ppm 0.46 0.71 b.d.l. 14 0.84 3.8 27 35 0.83 27 27 b.d.l. 0.8
ONi ppm 2.6 b.d.l. b.d.l. 28 3.1 7.6 50 53 b.d.l. 68 47 b.d.l. 16
®Cu ppm 5 11 b.d.l. 44 107 b.d.l. b.d.l. b.d.l. b.d.l. 7.9 6.8 4.4 8.1
Zn ppm 7.4 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 7.2 b.d.l. b.d.l. b.d.l.
"As ppm 1.1 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
"Se ppm 0.38 2.3 b.d.l. 13 5 1.3 0.75 1.1 3.6 1.1 0.83 1.9 6.4
| ™Mo ppm 0.05 b.d.l. b.d.l. 0.08 0.06 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.05
TAg ppm 0.66 b.d.l. b.d.l. b.d.I b.d.l. b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Bin ppm 0.49 b.d.l. b.d.l. 0.49 0.41 0.41 b.d.l. b.d.l. b.d.l. b.d.l. 0.53 b.d.l. 0.59
1183 ppm 2.5 b.d.l. b.d.l. 47 2.4 b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 7
215 ppm 0.68 b.d.l. b.d.l. b.d.I b.d.l. 0.88 10 2.9 b.d.l. b.d.l. 3.7 b.d.l. b.d.l.
5Te ppm 0.24 0.46 0.23 0.35 1.3 b.d.l b.d.l. b.d.l. 0.40 b.d.l. 0.34 b.d.l. 0.80
2y ppm 0.60 b.d.l. b.d.l. b.d.l b.d.l. b.d.| b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
STAu ppm 0.30 b.d.l. b.d.l. b.d.I b.d.l. b.d.l 1.1 0.83 b.d.l. 0.36 0.83 b.d.l. b.d.l.
M2Hg ppm 0.20 43 0.19 12 71 17 33 3.6 57 12 8.9 28 110
2057 ppm 0.29 66 0.22 16 95 22 3 0.4 38 45 14 39 84
28ppy ppm 0.11 b.d.l. b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
i ppm 0.11 b.d.l. b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d..
22T ppm n.a. 18 23 16 10 11 17 9.5 22 14 16 17 12
7By ppm 0.52 b.d.l. b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l. b.d.l. 0.24 b.d.l. b.d.l. b.d.l.

243




Table S2-12. The full list of the LA-ICP-MS data acquired from the analyzed chalcopyrite from Kolchiko. b.d.l. = below detection limit, n. = number of analyses, n.a. = not analyzed.

Hydrothgrmal Sericitization
alteration
Host rock Mica schist
Sample KL 07i KL 13ii Kl 13iii
n. 1 2 1 2 3 1 2 3 4 5 6 7 8
Mlne;g::(zeatlon Cpyl; Polymetallic quartz veins
Average
detection limit
Ti ppm 6 b.d.l. 12 19 29 29 11 16 b.d.l 7 b.d.l 9.8 8.3 8.2
Y ppm 0.88 b.d.l. 1.7 1.3 b.d.l b.d.l. b.d.l b.d.l b.d.| b.d.l b.d.l b.d.l. b.d.l. b.d.l.
SCr ppm 22 b.d.l. b.d.l. 17 18 21 b.d.l b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l. b.d.l.
*Mn ppm 1.8 51 1,063 30 28 28 3.1 35 3.8 3.4 3.1 b.d.l. 4.5 3.4
*"Fe ppm n.a. 349,340 337,061 301,100 301,100 301,100 300,000 300,000 300,000 300,000 300,000 300,000 300,000 300,000
%Co ppm n.a. 11 64 5 5 4 2.8 3.8 4.4 3.3 55 43 4.6 3.4
N ppm 2.9 43 43 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.| b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Cu ppm n.a. 346,400 346,400 381,050 388,071 382,153 317,277 309,550 334,540 336,607 310,927 327,617 327,931 356,214
Zn ppm n.a. 96 167 392 429 616 501 504 546 560 396 533 530 746
"Ga ppm 1.5 b.d.l. b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l 0.73 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
"Ge ppm 5.5 8.6 b.d.l n.a. na. n.a. 6.3 b.d.l b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
"As ppm 3.6 22 75 11 17 18 b.d.l. b.d.l. b.d.| b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
"'Se ppm n.a. 22 8.9 10 12 37 64 34 41 43 7.9 46 45 44
%Nb ppm 0.27 b.d.l. b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l. b.d.l.
*Mo ppm 1.9 b.d.l. b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.| b.d.l b.d.l. b.d.l. b.d.l. b.d.l.
7ag ppm 0.88 b.d.l. 2.3 65 90 125 77 89 97 92 34 86 97 106
7cd ppm 2.2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l 4.7 b.d.l b.d.l. b.d.l. b.d.l.
By ppm 0.14 0.72 b.d.l 0.6 0.47 3.1 4.4 4.2 3.9 35 0.35 4.2 35 35
1183 ppm n.a. 2.7 12 4.5 5 8.7 8.6 6.5 7.1 5.9 3.1 8 9.3 7.5
21gh ppm n.a. 17 57 1.3 2.2 2.8 4.9 45 15 4.1 21 2.9 4.2 4.3
Te ppm 3.8 b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l. b.d.l.
2w ppm 0.97 b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l. b.d.l.
"Re ppm 0.29 b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.| b.d.l b.d.l b.d.l. b.d.l. b.d.l.
STAu ppm 0.42 b.d.l. 0.92 b.d.l. b.d.l 2 3.2 b.d.l. 45 2.6 b.d.l 0.59 0.94 0.61
D2Hg ppm 1.1 b.d.l. b.d.l 1.1 1.4 1.4 b.d.l b.d.l b.d.l 0.63 0.59 b.d.l. b.d.l. b.d.l.
2057 ppm 0.55 b.d.l. 6.3 b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l. b.d.l.
28ph ppm n.a. 303 1,697 6.2 11 17 17 13 11 23 23 9.1 11 14
209B;j ppm n.a. 277 229 5.4 9.1 14 18 4 14 23 25 7.9 15 11
2Th ppm 0.18 b.d.l. 0.82 b.d.l. b.d.l. 0.15 b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l. b.d.l.
7By ppm 0.17 b.d.l. 1.1 b.d.l. 0.12 b.d.l. b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l. b.d.l.
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Table S2-13. The full list of the LA-ICP-MS data acquired from the analyzed sphalerite from Kolchiko. b.d.l. = below detection limit, n. = number of analyses, n.a. = not analyzed.

Hydrothgrmal Sericitization
alteration
Host rock Mica schist
Sample KL 13iii
n. 1 2 3 4 5 6 7 8 9 10
Mineralization Sph1; Polymetallic quartz veins
style
Average
detection limit
Ti ppm 4.6 5.1 b.d.l. 5.7 3.7 b.d.l. b.d.I. 3.3 b.d.l. b.d.l. b.d.l.
Y ppm 0.5 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
SCr ppm 13 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
*Mn ppm na. 678 700 656 669 682 689 737 716 668 686
*"Fe ppm na. 60,538 58,505 57,001 60,415 59,125 61,052 65,833 61,427 60,418 61,127
%Co ppm na. 133 137 142 143 136 139 144 151 140 147
N ppm 1.6 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Cu ppm na. 75 225 881 1,060 1,684 138 76 420 253 310
Zn ppm n.a. 627,000 627,000 627,000 627,000 627,000 627,000 627,000 627,000 627,000 627,000
"Ga ppm 0.71 b.d.l. b.d.l. 0.75 0.71 b.d.l. b.d.l. b.d.l. 0.81 b.d.l. b.d.l.
"Ge ppm 2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
"As ppm 2.3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
"'Se ppm n.a. 35 35 35 35 32 25 42 24 18 38
%Nb ppm 0.13 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
*Mo ppm 0.96 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
7ag ppm n.a. 12 19 16 33 59 8.8 8.5 23 15 11
cd ppm n.a. 1,955 2,004 1,867 2,007 2,015 1,904 2,011 1,964 1,928 1,943
By ppm n.a. 18 15 17 20 17 19 18 16 17 16
1183 ppm 0.7 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
215 ppm 0.74 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 1.8 b.d.l. b.d.l.
Te ppm 1.7 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
®2yw ppm 0.49 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
"Re ppm 0.14 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
STAu ppm 0.19 b.d.l. b.d.l. 0.30 b.d.l. 0.84 b.d.l. 0.22 0.44 0.28 b.d.l.
D2Hg ppm n.a. 20 14 15 15 13 15 11 13 14 16
2057 ppm 0.32 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
28ph ppm n.a. 0.54 11 9.1 128 72 2.8 2.1 15 5.7 4.3
9B ppm 0.17 b.d.l. 3.4 3.2 12 15 0.97 0.3 75 2.6 1.6
2Th ppm 0.09 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
7By ppm 0.09 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
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Table S2-14. The full list of the LA-ICP-MS data acquired from the analyzed arsenopyrite from Kolchiko. b.d.l. = below detection limit, n. = number of analyses, n.a. = not analyzed.

Hydrothgrmal Sericitization
alteration
Host rock Mica schist
Sample KOLX 0la
n. 1 2 3 4 5 6 7 8 9 10
Mlnesrg::gatlon Apyl; Massive veins
Average
detection limit
Ti ppm 10 15 b.d.l 11 b.d.| b.d.l b.d.| b.d.l b.d.l b.d.| b.d.l
Y ppm 1 b.d.I b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l
SCr ppm 22 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 20 b.d.I
*Mn ppm 25 3.9 4.4 3.6 5.0 4.9 3.6 4.4 3.8 b.d.l 3.6
*"Fe ppm na. 352,500 352,500 352,500 352,500 344,300 352,500 344,300 344,300 344,300 344,300
%Co ppm na. 312 366 414 334 417 175 135 627 77 81
N ppm na. 27 24 23 36 46 29 25 90 29 25
Cu ppm 7.8 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 20 b.d.l b.d.l
Zn ppm 13 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l
"Ga ppm 1.9 b.d.I b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l
Ge ppm 7 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l
"As ppm na. 295,377 263,364 250,689 209,505 238,474 230,700 214,038 212,028 196,291 203,785
"'Se ppm 9.1 16 12 b.d.l 18.81 b.d.l 9.2 16 21 13.6 11
%Nb ppm 0.48 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l
*Mo ppm 2.6 b.d.I b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l
7ag ppm 0.74 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 2.4 b.d.l b.d.l
7cd ppm 2.1 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l
By ppm n.a. 0.87 1.1 0.82 0.84 1.2 1.1 1 0.98 0.88 1.1
1183 ppm 1.1 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.| b.d.l
21gh ppm n.a. 101 67 71 67 78 98 70 88 57 57
Te ppm 5.5 b.d.I b.d.l b.d.l b.d.l b.d.l 12 b.d.l 13 b.d.l b.d.l
®2yw ppm 1.4 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l
"Re ppm 0.38 b.d.I b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l
STAu ppm 0.57 1.6 0.63 b.d.l b.d.l b.d.l b.d.l b.d.l 35 b.d.| b.d.l
D2Hg ppm 1.1 1.6 1.3 0.87 0.96 b.d.l 1.2 1.4 1.2 1.3 b.d.l
2057 ppm 0.7 b.d.I b.d.l b.d.l b.d.l b.d.l 0.30 b.d.l b.d.l b.d.l b.d.l
208ppy ppm 0.44 3.8 2.3 0.63 0.72 3.1 0.89 25 6.8 b.d.| b.d.l
9B ppm n.a. 35 101 9.7 27 48 14 42 48 6.9 18
2Th ppm 0.29 b.d.I b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.| b.d.l
7By ppm 0.27 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l
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Table S2-15. The full list of the LA-ICP-MS data acquired from the analyzed pyrite from Aspra Chomata. b.d.l. = below detection limit, n. = number of analyses, n.a. = not analyzed.

Hydrothgrmal Sericitic alteration
alteration
Host rock Granodiorite porphyry
Sample Ach 08A2a
n. 1 2 3 4 5 6 7
Mlnesr?;:éatlon Py1; Base metals vein
Average
detection limit
i ppm n.a. 26 34 42 25 34 40 28
Sy ppm 1 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
SCr ppm 16 b.d.l. b.d.l. 16 b.d.l. b.d.l. b.d.l. b.d.l.
Mn ppm n.a. 15 6.3 8.2 6.7 75 5.4 5.4
*"Fe ppm n.a. 461,000 461,000 461,000 461,000 461,000 453,600 453,600
%Co ppm 0.52 0.11 b.d.l. 0.16 b.d.l. b.d.l. b.d.l. b.d.l.
N ppm 4.8 b.d.l. b.d.l. b.d.l. b.d.l. 0.87 b.d.l. b.d.l.
Cu ppm n.a. 945 1,413 1,090 818 896 1,213 2,569
%Zn ppm 25 525 123 82 54 150 b.d.l. b.d.l.
As ppm n.a. 31,727 39,472 35,774 41,082 41,036 41,546 43,671
TSe ppm 12 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
*Nb ppm 0.3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
“Mo ppm 2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WAg ppm n.a. 58 13 6.0 60 26 10 43
B ppm 0.37 0.08 0.06 0.10 0.07 0.06 b.d.l. b.d.l.
1185 ppm 2 5.8 2.2 b.d.l. 0.91 0.86 b.d.l. b.d.l.
121gp ppm n.a. 1,791 359 355 1,144 2,621 51 741
Te ppm 3.7 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
B2\ ppm 0.74 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
PTAu ppm n.a. 33 63 80 26 31 25 14
22Hg ppm 0.85 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
257 ppm 1.9 1.1 0.79 1.1 0.54 2.9 b.d.l. 7.7
2%pp ppm n.a. 3,335 583.44 465.25 5,360 3,649 110 1,917
2B ppm 0.28 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Z2Th ppm 0.26 0.05 b.d.l. b.d.l. b.d.l. 0.21 b.d.l. b.d.l.
28y ppm 0.18 b.d.l. b.d.l. b.d.l. 0.05 0.62 b.d.l. b.d.l.
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Table S2-16. The full list of the LA-ICP-MS data acquired from the analyzed sphalerite from Aspra Chomata. b.d.l. = below detection limit, n. = number of analyses, n.a. = not

analyzed.
Hydrothgrmal Sericitic alteration
alteration
Host rock Granodiorite porphyry
Sample Ach 08A2a
n. 1 2 3 4 5 6 7 8 9 10
Mineralization Sph1; Base metals veins
style
Average
detection limit
OTi ppm 7.4 9.7 9.7 7.8 31 11 12 18 15 7.9 7.1
Sy ppm 0.59 b.d.l. b.d.l. b.d.l. 0.71 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
>Cr ppm 12 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
*Mn ppm n.a. 3,316 4,372 4,349 2,732 2,651 2,191 4,739 7,253 1,228 1,273
*TFe ppm na. 86,917 97,815 99,312 78,919 69,998 59,932 111,736 92,771 29,924 45,889
*Co ppm 0.29 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
ONi ppm 1.9 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Cu ppm n.a. 2,087 416 469 13,723 4,457 634 3,572 7,605 809 461
%Zn ppm na. 636,700 636,700 636,700 636,700 632,900 639,400 639,400 630,800 632,900 632,900
"Ga ppm na. 20 18 17 21 19 22 15 16 26 23
"Ge ppm 2 25 b.d.l. b.d.l. 2.4 2.0 b.d.l. 6.4 3.6 b.d.l. 1.1
"As ppm 5.8 b.d.l. b.d.l. b.d.l. 555 5.0 b.d.l. 5.6 b.d.l. 35 b.d.l.
Se ppm 6.6 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
“Nb ppm 0.09 b.d.l. b.d.l. b.d.l. 0.05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
| ™Mo ppm 1 b.d.I. 0.51 b.d.l. 0.37 b.d.l. b.d.I. b.d.l. b.d.I. b.d.l. b.d.I.
WTag ppm n.a. 6.3 2.1 5.8 52 14 3.0 12 17 11 5.1
B7cd ppm n.a. 1,507 1,423 1,588 1,608 1,102 1,306 1,486 1,243 1,293 1,567
Bn ppm 0.09 0.61 0.22 1.4 0.56 0.21 0.23 0.34 0.55 0.18 0.23
85 ppm n.a. 196 88 371 119 51 61 100 124 14 56
121gh ppm 0.71 8.4 4.6 0.84 4,169 11 3.6 7.8 9 965 2.8
5Te ppm 2.2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
e ppm 0.42 b.d.l. b.d.l. b.d.l. 2.5 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
BRe ppm 0.12 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
STAu ppm 0.28 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
22Hg ppm n.a. 11 15 15 12 17 17 23 12 29 20
257 ppm 0.49 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 1.1 b.d.l.
2%8ph ppm 0.49 3.6 6.9 3.3 7,168 5.2 1.4 77 6.4 1,993 2.6
209gj ppm 0.19 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.04
Z2Th ppm 0.05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
=8y ppm 0.06 b.d.l. b.d.l. b.d.l. b.d.l. 0.04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
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Table S2-16. Continued.

Hydrothgrmal Sericitic alteration
alteration
Host rock Granodiorite porphyry
Sample Ach 08A2b
n. 1 2 3 4 5 6 7 8 9 10 11
Mineralization Sph1; Base metals veins
style
Average
detection limit
Ti ppm 7.4 14 13 11 7.9 9.1 8.7 9.4 14 b.d.l. 11 8.7
Sy ppm 0.59 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
SCr ppm 12 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Mn ppm n.a. 1,016 1,441 681 1,638 1,069 3,621 710 1,485 755 1,453 795
STFe ppm n.a. 34,412 12,134 25,918 72,764 40,238 10,544 20,847 69,606 19,481 68,409 23,041
%Co ppm 0.29 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
N ppm 1.9 b.d.l. 0.45 b.d.l. b.d.l. b.d.l. 0.91 b.d.l. b.d.l. b.d.l b.d.l. b.d.l.
%Cu ppm n.a. 582 222 197 223 2,668 144 129 3,772 61 96 64
%Zn ppm n.a. 629,000 624,900 624,900 619,800 616,800 618,500 618,400 618,400 618,400 618,400 618,400
"Ga ppm n.a. 44 27 35 24 34 20 30 33 26 19 30
Ge ppm 2 2.9 b.d.l 45 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l.
As ppm 5.8 23 26 b.d.l b.d.I 6.9 b.d.l b.d.| b.d.l b.d.l b.d.l. b.d.l.
ISe ppm 6.6 b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l.
*Nb ppm 0.09 b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l.
“Mo ppm 1 b.d.l. b.d.I b.d.l b.d.I b.d.l b.d.l. b.d.| b.d.l b.d.l b.d.l. b.d.l.
WTAg ppm n.a. 7.0 20 35 2 15 2 3.0 11 0.99 1.7 1.3
Tcd ppm n.a. 1,330 1,198 1,800 1,500 1,385 835 1,242 1,933 1,211 1,613 1,233
51 ppm 0.09 0.53 0.54 0.21 0.32 0.26 0.62 0.14 0.62 b.d.l 0.14 0.33
1185 ppm n.a. 29 61 69 31 56 90 28 128 16 25 8.6
21gh ppm 0.71 37 59 7 0.90 14 61 0.84 7.4 b.d.l b.d.l. b.d.l.
57e ppm 2.2 b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l.
B2y ppm 0.42 b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l.
®Re ppm 0.12 b.d.l. b.d.I b.d.l b.d.I b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l.
STAu ppm 0.28 b.d.l. b.d.l b.d.l b.d.l b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l.
D2Hg ppm n.a. 12 35 16 21 26 37 28 16 33 23 30
2057) ppm 0.49 0.53 0.57 b.d.l b.d.I b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l.
28ph ppm 0.49 33 160 15 0.72 4.6 72 0.25 2.3 0.21 b.d.l. 0.11
2B ppm 0.19 b.d.l. b.d.I b.d.l 0.14 b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l.
Z2Th ppm 0.05 b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l.
8y ppm 0.06 b.d.l. b.d.| b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l.
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SUPPLEMENT 3

Supplement 3. Heatmaps of Pearson’s correlation coefficients.

Table S3-1. Heatmap of Pearson’s correlation coefficients of the studied critical and rare metals detected in the bulk geochemical analyses from Vathi.

Correlations

Ag Au Bi Cd Ce Co Ga Gd Ge Hg In La Nb Nd Re Sb Se Sm Ta Te Th Ti U \4
Ag 1
Au 0.536 1
Bi 0.008 0.116 1
Cd 0.345 0.683 0.65 i
Ce -0.283 -0.274 0.262 0.009 1
Co -0.179 0.003 -0.094 -0.090 -0.295 1
Ga 0.096 -0.256 0.071 =0:219 0.075 -0.346 1
Gd -0.031 0.017 0.764 0.544 0.627 -0.203 0.029 1
Ge -0.340 -0.112 -0.159 -0.188 0.029 0.181 -0.719 -0.009 1
Hg 0.317 0.794 -0.114 0.461 -0.205 0.084 -0.704 -0.128 0.346 1
In -0.231 -0.212 -0.134 -0.343 0.062 -0.227 0.629 -0.272 -0.396 -0.375 1
La -0.312 -0.251 0.008 -0.163 0.933 -0.227 0.005 0.362 0.109 -0.112 0.085 1
Nb 0.273 -0.224 0.364 0.082 0.192 -0.353 0.802 0.372 -0.647 0.179 0.005 1
Nd -0.245 -0.194 0.584 0.246 0.85 -0.260 0.034 0.874 0.056 -0.203 -0.070 0.656 0.267 1
Re -0.243 -0.082 -0.143 -0.246 -0.008 0.130 -0.433 -0.186 0.509 0.148 -0.140 0.122 -0.461| -0.122 1
Sh 0.364 0.608 -0.095 0.227 0.013 -0.110 0.060 -0.210 -0.207 0.451| 0.169 0.163 -0.128 -0.183 0.045 1
Se 0.565 0.932 -0.090 0.555 -0.337 0.129 -0.255 -0.146 -0.154 0.755 -0.230 -0.246 -0.231 -0.337 -0.105 0.612 1
Sm -0.147 -0.141 0.724 0.386 0.752 -0.240 0.097 0.958 -0.036 -0.229 -0.101 0.492] 0.385 0.941 -0.193 -0.241 -0.306 1
Ta 0.192 -0.247 0.057 -0.140 0.459 -0.294 0.427 0.43 -0.160 -0.393 -0.070 0.399 0.551 0.508 -0.322 -0.137 -0.197 0.42] 1
Te 0.533 0.87 -0.131 0.433] -0.217 -0.022 -0.255 -0.053 0.028 0.707 -0.248 -0.146 -0.269 -0.219 0.175 0.565 0.85 -0.201 -0.140 1
Th 0.291 0.589 -0.097 0.275 0.111 -0.298 -0.173 0.055 0.123 0.535 -0.101 0.197 -0.251 0.108 -0.011 0.578 0.528 -0.031 0.144 0.611 1
Ti -0.246 -0.284 -0.207 -0.495 0.132 -0.219 0.639 -0.145 -0.137 -0.42| 0.535 0.185 0.290 0.022 -0.092 0.102 -0.331 -0.061 0.369 -0.248 0.052 1
u 0.54 0.949 -0.050 0.578 -0.289 -0.032 -0.192 -0.074 -0.198 0.737 -0.175 -0.252 -0.191 -0.251 -0.146 0.585 0.908 -0.218 -0.191" 0.865 0.583 -0.288 1
Vv -0.294 -0.267 -0.036 -0.307 -0.042 -0.044 0.048 0.017 0.408| -0.279 -0.042 -0.079 -0.068 0.043 0.000 -0.244 -0.327 0.014 0.036 -0.219 -0.025 0.281 -0.287 1
w -0.404 -0.100 0.179 0.016 0.263 0.188 -0.684 0.218 O.732| 0.336 -0.288 0.287 -0.586 0.347 0.554 -0.200 -0.187 0.257 -0.217 -0.049 -0.048 -0.210 -0.242 0.030
** Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
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Table S3-2

. Heatmap of Pearson’s correlation coefficients of the studied critical and rare metals detected in the bulk geochemical analyses from Laodikino.

Correlations

Ag Au Bi Cd Ce Co Ga Gd Ge Hg In La Nb Nd Re Sb Se Sm Ta Te Th Ti U \%
Ag 1
Au 1.000 1
Bi 0.99| 0.991 1
Cd 0.996( 0.997| 0.998 1
Ce -0.411( -0.400| -0.416| -0.420 1
Co 0.95| 0.948| 0.904 0.925| -0.347 1
Ga -0.431( -0.420| -0.430| -0.434 0.858| -0.322 1
Gd -0.328( -0.317| -0.330( -0.335 098 -0.261| 0.899 1
Ge 0.283( 0.301| 0.342 0.317( 0411 0.279( 0.589 0.521 1
Hg 0.991| 0.992 1.000] 0.999| -0.423| 0.907| -0438( -0.338| 0.332 1
In 0.984( 0.986| 0.999| 0.995( -0.422| 0.889| -0.434 -0.336| 0.350( 0.999 1
La -0.388( -0.377| -0.393| -0.397 0.993| -0.319| 0.863| 0.964| 0.445( -0.400( -0.399 1
Nb -0.598( -0.592| -0.533| -0.561 0.418| -0.717 0.248 0.410| -0.068| -0.538| -0.513 0.337 1
Nd -0.373( -0.362| -0.375| -0.380f 0.997| -0.309 0.88| 0.988| 0468 -0.383] -0.381] 0.993( 0.391 1
Re -0.758| -0.759| -0.772| -0.765| 0.244| -0.598| 0.380( 0.240| -0.108| -0.771| -0.771| 0.213| 0462 0.228 1
Sb 0.943( 0948 0.981| 0.968 -0.424| 0.812| -0428( -0.337| 0.396 0.98( 0.988| -0.401| -0.427| -0.382| -0.762 1
Se 0.804| 0.813( 0.882| 0.852| -0.389( 0.614| -0.381| -0.307| 0.467| 0.877| 0.898| -0.368| -0.233( -0.347| -0.689| 0.956 1
Sm -0.343( -0.332| -0.346| -0.351| 0.992| -0.276| 0.892| 0.996| 0.504 -0.354| -0.352| 0.984| 0.388| 0.997| 0.227 -0.354| -0.322 1
Ta -0472| -0.470| -0.478| -0.475( 0.338| -0.339| 0.703| 0.393| 0.270( -0.482| -0.480| 0.346( 0.094| 0.369| 0.593| -0.474| -0.437| 0.376 1
Te -0.209( -0.206| -0.213| -0.211 0.085| -0.106( -0.008 0.080( 0.089| -0.212( -0.212 0.064( 0.228| 0.059( 0.499| -0.210| -0.174( 0.077| -0.249 1
Th -0.451| -0451| -0.456( -0.457| 0538 -0498| 0.230| 0.497| -0.302| -0.457 -0456| 0.459( 0.795| 0.504| 0.290| -0.448| -0.405| 0.487| 0.055( -0.042 1
Ti -0.573| -0.567| -0.580| -0.577( 0.555| -0.417( 0.804| 0.580| 0.329( -0.584| -0.582| 0.568( 0.218| 0.577| 0.708| -0.576| -0.524| 0576 0.937| -0.025 0.186 1
U -0.161| -0.158| -0.179| -0.171 0.169| -0.021 0.063 0.177 0.125| -0.178| -0.182 0.145 0.247 0.151 0.581| -0.197| -0.193 0.170| -0.118 0.943 0.088 0.130 1
\Y -0.269 -0.260| -0.281| -0.281 0.744| -0.156| 0.912| 0.826| 0.595( -0.288| -0.290| 0.729( 0.154| 0.765| 0.243| -0.303| -0.299| 0.798| 0.531| 0.083 0.111f 0.579| 0.083 1
W -0.663| -0.670| -0.678| -0.669 -0.236| -0.531 -0.027| -0.280| -0.389 -0.674| -0.676| -0.235( 0.127| -0.258| 0.824 -0.667| -0.607| -0.274| 0.435| 0.369| -0.084( 0.441| 0.353( -0.145
**_Correlation is significant at the 0.01 level (2-tailed).
*, Correlation is significant at the 0.05 level (2-tailed).
T I I I I
-1 -0.500 0 0.500 1
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Table S3-3. Heatmap of Pearson’s correlation coefficients of the studied critical and rare metals detected in the bulk geochemical analyses from Kolchiko.

Correlations

Ag Au Bi Cd Ce Co Ga Gd Ge Hg In La Nb Nd Re Sb Se Sm Ta Te Th Ti U \%
Ag 1
Au -0.199 1
Bi 0.715( 0.362 1
Cd 0.819( -0.169 0.54 1
Ce 0.192( 0513| 0.478 0.178 1
Co 0.410( 0.225| 0.672 0.254| 0.553 1
Ga 0.191 -0.182| -0.009 0.355( 0.375| -0.135 1
Gd 0.505| -0.164 0.269 0.564 0.535 0.129 0.9 1
Ge 0.66| 0.061 0.72 0.419( 0305/ 0.813( -0.093| 0.188 1
Hg 0.868( -0.111| 0.632| 0.731| 0.086| 0.404| -0.062 0.210( 0.588 1
In 0.844| -0.221| 0505| 0.805| -0.027( 0.131|] 0.158 0.353( 0477| 0.757 1
La 0.007( 0.451| 0.361 0.032( 0.899| 0.598( 0.157 0.248( 0.264| 0.030( -0.136 1
Nb -0.168( -0.097| -0.306| -0.061| -0.055| -0.261 0.641 0.358| -0.195| -0.259| -0.102| -0.098 1
Nd 0.355( 0.183| 0.355 0.364 0.81| 0.310f 0.768f 0.902| 0.225( 0.090/ 0.138] 0.527 0.217 1
Re 0.106( -0.188| 0.060| -0.187 -0.194| 0.188| -0.201| -0.261| 0.210( 0.365| 0.078| -0.006( 0.187| -0.305 1
Sb -0.289( -0.103| -0.380| -0.188( -0.142| -0.356( -0.128| -0.150| -0.441| -0.336| -0.266| -0.146( -0.153| -0.147 -0.334 1
Se 0.908( -0.097| 0.815| 0.651| 0.314| 0.648( 0.093 0.439 0.86/] 0.703| 0.682( 0.155| -0.252 0.386| 0.058| -0.330 1
Sm 0.527( -0.024 0.377 0.547 0.655 0.253 0.824 0.979 0.266 0.228 0.322 0.347 0.246 0.958 -0.301| -0.163 0.504 1
Ta -0.254 0.147| 0.063] -0.189( 0.236| 0.264| -0.235| -0.253| -0.010( -0.099| -0.253| 0.526 -0.131| -0.149| 0.026( -0.009| -0.157| -0.241 1
Te 0.692( 0.193| 0.872| 0472 0.358| 0.767| -0.096( 0.203| 0.769| 0.607| 0.536| 0.264| -0.321| 0.287| 0.180f -0.413| 0.813| 0.316 -0.013 1
Th 0.84( -0.132| 0.532 0.865| 0.449| 0317 0.504| 0.769| 0419| 0677 0.684| 0.226( -0.057| 0.651| -0.200| -0.226] 0.704| 0.782| -0.203( 0.434 1
Ti -0.103( -0.102| -0.302| 0.001| 0.299| -0.339| 0.661| 0.594| -0.344 -0.198( -0.047 0.124( 0.215| 0.574 -0.258| -0.151| -0.216| 0.546| -0.149| -0.345( 0.292 1
U 0.159| -0.098| -0.021 0.180 0.462 0.345 0.412 0.539 0.160 0.069 0.027 0.320 0.089 0.625| -0.137| -0.194 0.161 0.591| -0.036 0.256 0.368 0.449 1
\Y 0.026( 0.419| 0.304| -0.157 0.528| 0.621| -0.047 0.052 0.579| 0.119( -0.051| 0.551| -0.103( 0.305| 0.248| -0477( 0.245| 0.146| 0.136( 0.351| 0.042| 0.168| 0.298 1
W 0.276( -0.112| 0.233| -0.079( -0.281| 0.065| -0.414| -0.346| 0.188( 0.559| 0.244| -0.188( -0.217| -0.385 0.8| -0.271 0.167| -0.349| 0.034( 0.303| -0.112| -0.252| -0.194| 0.118
**_Correlation is significant at the 0.01 level (2-tailed).
*, Correlation is significant at the 0.05 level (2-tailed).
T I I I I
-1 -0.500 0 0.500 1
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Table S3-4. Heatmap of Pearson’s correlation coefficients of the studied critical and rare metals detected in the bulk geochemical analyses from Aspra Chomata.

Correlations

Ag Au Bi Cd Ce Co Ga Gd Ge Hg In La Nb Nd Re Sb Se Sm Ta Te Th Ti U \%
Ag 1
Au 0.208 1
Bi -0.227| -0.164 1
Cd 0.989( 0.064| -0.186 1
Ce -0.643( -0.484| 0.418| -0.545 1
Co -0.036( 0.202| 0.094 -0.178| -0.229 1
Ga 0.699| 0.203( 0.264| 0.719| -0.074| 0.127 1
ad -0.460( -0.337| -0.371 -0.328| 0.651| -0.523| -0.342 1
Ge 0.685| -0.195( 0.423| 0.766| -0.031| 0.069| 0.879| -0.421 1
Hg 0.926( -0.139| -0.164| 0.994 -0.425| -0.265| 0.628 -0.261| 0.744 1
In 0.036| -0.103| -0.107| -0.037| -0.237| 0.909| 0.026( -0.369| 0.085| -0.092 1
La -0.678| -0.499( 0519| -0.593| 0983 -0.171| -0.108 0.560( -0.028| -0.465( -0.183 1
Nb -0.220| -0.140 0.971| -0.185 0.495 0.157 0.366| -0.315 0472 -0.172| -0.069 0.564 1
Nd -0.444( -0.349| -0.385| -0.314( 0.641| -0.540( -0.349| 0.996| -0.414( -0.240| -0.380| 0.545( -0.324 1
Re -0.104( 0.045| -0.036| -0.129( 0.017| 0.409( 0.112| -0.019| -0.028( -0.178| 0.369| 0.002( 0.027| -0.087 1
Sb 0994 0.082| -0.190| 0.999| -0574 -0.170| 0.703( -0.355| 0.759|] 0.996| -0.030| -0.623| -0.190| -0.338( -0.138 1
Se -0.007( -0.134| -0.020| -0.078( -0.202| 0.919( 0.015| -0.402| 0.099( -0.125| 0.995| -0.137( 0.014| -0.414( 0.367| -0.070 1
Sm -0.461| -0.345| -0.376| -0.332 0.646| -0.535| -0.360f 0.998| -0.429( -0.259| -0.376| 0.555| -0.321| 0.999| -0.070( -0.357| -0.410 1
Ta -0.120( 0.086| 0.734| -0.189( 0.134| 0.733| 0.366f -0.599| 0.391 -0.248/ 0.512| 0.227| 0.778| -0.619| 0.272( -0.189| 0.573| -0.612 1
Te -0.100( 0.426| 0.251| -0.277 -0.383| 0.674 -0.120f -0.639| -0.150( -0.348| 0.528| -0.239( 0.154| -0.664| 0.064 -0.272| 0.550| -0.642| 0.581 1
Th -0.681| -0.375( 0.261| -0.549 0.887 -0.424| -0.237| 0.764| -0.257 -0.468| -0.414 0.881| 0.272| 0.731| 0.105| -0.585| -0.393 0.75| -0.114| -0.372 1
Ti -0.401( -0.246| 0.472| -0.306( 0.861| -0.162( 0.164| 0.423| 0.162( -0.270| -0.260| 0.825 0.590| 0.434 -0.120| -0.325| -0.226| 0.425| 0.244| -0.309( 0.604 1
U -0.311| -0.325( -0.074| -0.273 0.040 0.348| -0.415 0.078| -0.275| -0.275 0.558 0.160| -0.192 0.036 0.203| -0.289 0.555 0.066 0.101 0.503 0.164| -0.233 1
\Y -0.541| -0.340| 0.245| -0.420( 0937 -0.279| 0.037( 0.729| -0.037( -0.360( -0.317 0.87| 0.368 0.72( 0.082| -0.449| -0.301 0.72( 0.016| -0.554| 0.861f 0.785| -0.164 1
W -0.023( 0.471| 0.023] -0.250( -0.382| 0.947| 0.076f -0.587| -0.074| -0.330 0.77| -0.335( 0.078| -0.601 0.368| -0.236| 0.774| -0.596| 0.658 0.73| -0.518( -0.265| 0.190( -0.384
**_Correlation is significant at the 0.01 level (2-tailed).
*, Correlation is significant at the 0.05 level (2-tailed).
T I I I I
-1 -0.500 0 0.500 1
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Table S3-5. Heatmap of Pearson’s correlation coefficients of selected critical and rare metals detected in pyrite
from Vathi after LA-ICP-MS analyses.

Correlations

Ag Bi Co Hg In Sb Se Te Ti \% W
Ag 1
Bi -0.039 1
Co -0.037 0.660 1
Hg -0.016 -0.037 0.105 1
In 0.039 0.023 0.054 0.037 1
Sb 0.169 -0.025 -0.050 -0.056 0.069 1
Se -0.125 -0.060 0.108 0.086 0.048 -0.184 1
Te -0.105 -0.060 -0.121 0.353 -0.043 -0.178 -0.091 1
Ti -0.091 0.048 0.216 0.035 -0.029 -0.043 0.037 -0.106 1
\Y -0.014 -0.030 -0.068 -0.049 0.030 -0.083 -0.035 0.353 0.040 1
W 0.144 -0.036 -0.080 -0.060 0.036 -0.111 -0.097 -0.097 -0.115 -0.048 1
**_Correlation is significant at the 0.01 level (2-tailed).
*, Correlation is significant at the 0.05 level (2-tailed).
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Table S3-6. Heatmap of Pearson’s correlation coefficients of selected critical and rare metals detected in
chalcopyrite from Vathi after LA-ICP-MS analyses.

Correlations

Ag Bi cd Co Ga Ge Hg In Nb Sb Se Te Ti \ w
Ag 1
Bi -0.209 i
Cd -0.142 -0.021 1
Co 0.384 0.281 -0.145 1
Ga -0.090 -0.068 0.059 -0.086 1
Ge 0.020 -0.168 -0.111 -0.129 -0.066 1
Hg 0.765 -0.113 -0.074 0.59 -0.044 -0.066 1
In -0.59 0.266 0.305 -0.153 0.229 0.160 -0.409 1
Nb -0.089 -0.112 0.089 -0.086 -0.043 -0.066 -0.044 0.231 1
Sb 0.773 -0.120 -0.079 0.585 -0.047 -0.039 0.998 -0.399 -0.047 1
Se 0.322 -0.471] -0.317 0.150 -0.188 0.015 0.525 -0.401 -0.188 0.513 il
Te -0.088 -0.185 -0.124 -0.136 -0.073 -0.111 -0.074 0.082 -0.073 -0.079 0.385 1
Ti 0.268 0.072 -0.097 0.175 -0.117 -0.177 -0.117 -0.083 0.177 -0.126 -0.338 -0.175 1
\2 -0.090 0.301 -0.073 0.524 -0.043 -0.066 -0.044 0.177 -0.043 -0.047 -0.188 -0.073 0.558 1
w 0577 -0.112 -0.073 -0.086 -0.043 -0.066 -0.044 -0.431] -0.043 -0.047 -0.188 -0.073 0.648 -0.043 i,
**_Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
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Table S3-7. Heatmap of Pearson’s correlation coefficients of selected critical and rare metals detected in magnetite
from Vathi after LA-ICP-MS analyses.

Correlations

Co Ga Ge Ti \% W
Co 1
Ga 0.538 1
Ge -0.634 0.049 1
Ti 0.410 0.027 0.099 1
Y 0.677 0.844 -0.281 -0.393 1
w 2 0553 -0.370 -0.473 0.956 1

* Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).
a. Cannot be computed because atleast one of the variables is constant.
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Table S3-8. Heatmap of Pearson’s correlation coefficients of selected critical and rare metals detected in titanite
from Vathi after LA-ICP-MS analyses.

Correlations
La Nd Sh

* Correlation is significant at the 0.01 level (2-tailed).

* Correlation is significant at the 0.05 level (2-tailed).

T T
-1 -0.500 0 0.500 1

Table S3-9. Heatmap of Pearson’s correlation coefficients of selected critical and rare metals detected in stibnite
from Gerakario after LA-ICP-MS analyses.

Correlations
Ag Bi Cd Ce Co Ga Ge Hg In La Nb Sh Se Te Ti \ w

Ad
Bi 0413
Cd 0.250 0.317
Ce 0.094 0.231 -0.309
Co -0.113 0.163 0.252 0.153
Ga 0.102 0.223 0.283 0.332 0431
Ge -0.066 0.146 0.263 0.159 0.459
Hg -0.035 0.259 0.144] 0.268 0.289 0.814]
In -0.367 -0.004 -0.174 0.123 0.443 0.327 0.437 0.378
La -0.055 0212 -0.446 0.107 0.299 0.097 0.203 0.191
Nb 0.062 -0.224 0.455] -0.107 -0.289 -0.095 -0.200 -0.189
Sb -0241] -0564] -0.492 0563[ -0.087 0.031] -0.057 20.024 0.108 0589 -0569
Se -0.093 0.258 0.132 0.238 0.837 0.252 0.769 0.371 0.196 -0.196 -0.061
Te 0.234] 0.419 0.099 -0.072 -0.075 -0.259 -0.078 -0.024 0.156 -0.016 0.012 -0.241 -0.024
Ti 0.170] -0.169 -0.083 -0.059 -0.062 0.290 -0.118 0.083 0.010 0.038 -0.038 0.079 0.132 -0.270
\2 0.234] 0419 0.099 -0.072 -0.075 -0.259 -0.078 -0.024 0.156 -0.016 0.012 -0.241 -0.024 -0.270
W 0.222 0.438 0.138 -0.045 -0.075 -0.271 -0.080 -0.002 0.136 -0.005 0.001 -0.244 -0.002 -0.283
. C 1 is sil atthe 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).

E T T T g

-1 -0.500 0 0.500 1

Table S3-10. Heatmap of Pearson’s correlation coefficients of selected critical and rare metals detected in pyrite
from Laodikino after LA-ICP-MS analyses.

Correlations
Bi Co Hg In Sh Se Te Ti \% Y

-0.038
Bi -0.160 0.172
Co -0.136 0.290

Hg -0.185 -0.206 0.030 0.002
In -0.085 -0.105 -0.084
Sh -0.043 -0.139 -0.164 -0.159
Se -0.107 -0.005 0.549 -0.120

Te 0.061 -0.088 -0.114 -0.017
Ti -0.071 0.114 -0.294 0.089
\ -0.012 0.091 0.070
w -0.062 -0.058 -0.065
**_Correlation is significant at the 0.01 level (2-tailed).

*. Correlation is significant at the 0.05 level (2-tailed).
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Table S3-11. Heatmap of Pearson’s correlation coefficients of selected critical and rare metals detected in
chalcopyrite from Laodikino after LA-ICP-MS analyses.

Correlations

Ag Au Bi Cd Co Ga Ge Hg In Nb Sb Se Te Ti \ W
Ag
Au 0.480
Bi 0.246] 0262
cd 0108 0144 -0010
Co 0036] 0230 o0216] -0212
Ga 0036] -0230] o0216] -0212
Ge 0003 -0230[ -0238] -0212[ -0071] -0071
Hg 0393|0839 -0021] o011 -0191] -0191] -0191
in 0.109 063 0066] -0134] -0370] -0370| -0.374|  0.609|
Nb 0131] -0196] -0203] -0420] -0156] -0156] 0531 -0111] 0063
Sb 0333 o0471| -0433] 0007| -0165] -0165] -0165] 0319]  0513|  0.076
Se 0048[  0578] -0234] -0004] 0300] 0309] 0338 -0481 0065  -0.392
Te ©0167| -0198] -0190] -0400] -0136] -0136] 0534] -0111] 0047 0074]  -0061
il 0035]  -0343| -0154| -0487| -0478| -0478]  0526] -0201]  0044] 0582 0032 0013 0539
v 0036]  0230[ -0216 o.zum 0071 0191] 0370] 0156] 0165] -0309] 0136 0478
W 0243 0005 -0080] 0015 0169 0.169] 0169 -0.209] -0116] -0024] 0202] 0100 -0002] -0.228] -0.169
**_Correlation is significant at the 0.01 level (2-tailed).
*, Correlation is signifi atthe 0.05 level (2-tailed).

-1 -0.500 0 0.500

Table S3-12. Heatmap of Pearson’s correlation coefficients of selected critical and rare metals detected in
sphalerite from Laodikino after LA-ICP-MS analyses.

Correlations
Hg In Nb Sh Se Te Ti Vv W

0.370 0.274 0.505

0173 -0.077 0673 -0528 0.318

In 0442  -0.119 0858 -0.226 0113
Nb 0.422 0.126

Sb 0.205 0353  -0202] -0.204

Se 0.143]  -0.066 0.827 0.121 0.484
Te 0.336 0733] 0507 0.202

Ti 0.257| -0.234 0644] 0294 0.190

v 0.167 0403 -0195] -0.175

W 86|  -0.408 0.340[  -0.429 0.429

**_ Correlation is significant at the 0.01 level (2-tailed).

*. Correlation is significant at the 0.05 level (2-tailed).

W =

T
-1 -0.500 0.500 1

o -

Table S3-13. Heatmap of Pearson’s correlation coefficients of selected critical and rare metals detected in
tetrahedrite from Laodikino after LA-ICP-MS analyses.

Correlations
Ga Ge Hg In Nb sb Se Te Ti N w

0.665
-0339] -0436] -0.183 0.018
0.299) 0.498 0.818 0.672

In 0752 0.289 0.507] 0.875
Nb 0.450] 0.039 0.155] 0.393
Sb 0.663 0.274 0.343] 0.79
Se 0.533] 0275  -0.284] -0.003
Te 0113 -0510[ -0.010 0.195
Ti 0015 -0410[ -0465 -0217
v -0.183 0450  -0.057 i I 0336  -0.093 X i k i
w -o.zum 0.016] 0.227|  -0.396 0.254 0162  0258] 0153 0325]  -0097| -0.495
*. Correlation is significant at the 0.05 level (2-tailed).
**, C ion is signi atthe 0.01 level (2-tailed).
[: T T T ;1
-1 -0.500 0 0.500 1
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Table S3-14. Heatmap of Pearson’s correlation coefficients of selected critical and rare metals detected in
magnetite from Laodikino after LA-ICP-MS analyses.

Correlations
Ce Co Ga Ge La Th Ti \%

Ce 1
Co -0.418 1
Ga 0.073 -0.031 1
Ge -0.128 -0.075 -0.560 1
La 0.036 0.069 -0.120 -0.111 1
Th 0.036 0.069 -0.120 -0.111 1.000 1
Ti -0.316 0.010 0.583 0.122 -0.280 -0.280 1
\Y -0.092 0.167 0.161 0.449 -0.393 -0.393 0.233 1
**_Correlation is significant at the 0.01 level (2-tailed).

— e

-1 -0.500 0 0.500 1

Table S3-15. Heatmap of Pearson’s correlation coefficients of selected critical and rare metals detected in pyrite
from Kolchiko after LA-ICP-MS analyses.

Correlations

Ag Au Bi Co Hg In Sb Se Te Ti \% W
Ag 1
Au -0.088 1
Bi -0.010 -0.155 1
Co 0.038 -0.255 0.304 1
Hg 0.017 -0.154 0.37 0.185 1
In -0.062 -0.063 -0.054 -0.086 -0.054 1
Sb -0.028 -0.101 -0.071 -0.016 -0.077 -0.041 1
Se 0.328 -0.054 0.157 0.495 0.087 -0.095 -0.209 1
Te -0.100 0.538 -0.089 -0.148 -0.087 -0.030 -0.053 0.012 1
Ti -0.080 0.072 -0.183 -0.085 0.276 0.005 0.055 -0.038 -0.027 1
\ -0.088 -0.080 -0.082 -0.073 -0.081 -0.028 -0.026 -0.117 -0.045 -0.098 1
W 0.203 -0.165 0.099 0.127 0.347 -0.070 -0.078 0.190 -0.111 -0.232 -0.103

*. Correlation is significant at the 0.05 level (2-tailed).

**, Correlation is significant at the 0.01 level (2-tailed).

T T T T
-1 -0.500 0 0.500 1

Table S3-16. Heatmap of Pearson’s correlation coefficients of selected critical and rare metals detected in
chalcopyrite from Kolchiko after LA-ICP-MS analyses.

Correlations

Ag Bi Cd Co Ga Ge Hg In Nb Sb Se Te Ti \ w
Ag 1
Bi 0.353 1
Cd 0.241 -0.149 il
Co -0.443 -0.180 -0.108 1
Ga -0.277 0.149 0.083 0.089 1
Ge -0.280 0.248 -0.119 -0.042 0.119 1
Hg -0.537 -0.292 -0.096 -0.167 0.163 -0.233 1
In 0.749 0.473 0.173 -0.485 -0.243 -0.102 -0.330 )
Nb 0.105 0.158 -0.163 -0.165 -0.527 -0.233 0.187 0.046 1
Sb 0.816 0.564| 0.287 -0.350 0.069 -0.039 -0.5627 0.827 -0.026 1
Se 0.645 0.657] 0.182 -0.438 -0.152 0.141 -0.340 0.927 0.027 0.814 1
Te 0.408 [BIS5/| 0.433 -0.225 0.192 0.060 -0.065 0.197 0.031 0.414 0.338 1
Ti -0.437 -0.151 -0.175 -0.031 0.309 -0.302 0.895 -0.148 0.093 -0.285 -0.206 -0.079 1
\ -0.298 -0.215 -0.120 0.812 0.120 -0.172 0.039 -0.554| -0.226 -0.415 -0.544 0.086 0.124 1
w -0.094 -0.158 0.157 0.158 0.527 0.223 -0.185 -0.040 =il 0.029 -0.028 -0.030 -0.086 0.229

** Correlation is significant at the 0.01 level (2-tailed).

*. Correlation is significant at the 0.05 level (2-tailed).

-1 -0.500 0 0.500 1
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Table S3-17. Heatmap of Pearson’s correlation coefficients of selected critical and rare metals detected in
sphalerite from Kolchiko after LA-ICP-MS analyses.

Correlations

Ag Au Bi Cd Co Ga Ge Hg In Nb Sb Se Te Ti \ W
Ag
Au 0.792
Bi -0.359 -0.194
Cd 0.505 0.227 -0.365
Co -0.167 -0.002 0.124/ -0.045
Ga 0.133 0.100: -0.423 -0.198 0.544
Ge -0.504 -0.478 -0.153 -0.202 -0.072 0.313
Hg -0.316 -0.474 0.057 -0.387 -0.439 -0.118 0.075
In 0.057: -0.185 -0.169 0.120 -0.154 0.075! 0.189 0.121
Nb 0.363 0.137 -0.506 0.831 0.125 -0.027 -0.326 -0.083 -0.050
Sb 0.054 0.267 -0.217 0.031 0.633 0.599: 0.166 -0.224 -0.319 0.252
Se -0.027 -0.188 -0.512 0.359 -0.022 -0.082 -0.234 0.012 0.190 0.531 -0.364
Te 0.282] 0.039 -0.467 0.809 0.132 -0.049 -0.312 -0.019 0.053 0.178 0.596
Ti -0.201 -0.205 -0.406 -0.359 -0.267 0.349 0.355 0.487 0.360 -0.174 -0.235 0.388 -0.103
\2 -0.268 -0.023 0.460 -0.133 0.052 0.310 0.009 -0.069 -0.166 -0.605 0.091
\ -0.443 -0.243 0.534/ -0.114 0.001 0.331 0.152 0.164 -0.328 -0.441 0.250
**_Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is signifit atthe 0.05 level (2-tailed).

= ]
T T T 1
-1 -0.500 0 0.500 1

Table S3-18. Heatmap of Pearson’s correlation coefficients of selected critical and rare metals detected in
arsenopyrite from Kolchiko after LA-ICP-MS analyses.

Correlations

Ge Hg Nb Re Sh Se Te Ti v w
Co
Ga 0.136
Ge 0.667] 0.565 0.922 0.559 0.500
Hg 0.085 0.307 -0.039 -0.059 -0.161 -0.034
Nb 0.276 0.366 0.375] 0.360 0.234 0.336 -0.073
Re 0.216 0.321 0.355] 0.278 0.218 0.327 -0.058
Sb 0.293 0.494 0.141 0.388 0.002 0.080 0.366 0.019
Se 0.520 0.582 0.668]| 0.115 0.364 0.689 0.521 0.416 0.449
Te 0.695] 0.593 0.406 0.344 0.500 0.396 0.112 -0.152 -0.201
Ti -0.161 0.163 -0.258 0.162 -0.482 -0.241 0.330 -0.118 -0.077
\2 0.306 0.388 0.383 0.401 0.241 0.338 -0.081
W 20,664 -0.571- 0,546 -0.547- 0.041%
**_ Correlation is significant at the 0.01 level (2-tailed).

*. Correlation is significant at the 0.05 level (2-tailed).

T V T T i
-1 -0.500 0 0.500 1

Table S3-19. Heatmap of Pearson’s correlation coefficients of selected critical and rare metals detected in pyrite
from Aspra Chomata after LA-ICP-MS analyses.

Correlations
Bi Co Hg In Sb Se Te Ti \% w

-0.615

Bi -0.130
Co -0.178 0.534
Hg 0.631 -0.524 -0.270 -0.296
In -0.127 -0.438 -0.007 0.186
Sb 0.213 -0.484 -0.324 0.271
Se -0.130 -0.028 0.534
Te 0500  -0.107 E_
m 0031  -0.002
\Y -0.507 0.233 -0.571 -0.305 0.154
W -0.240 0.457 0.378 -0.234 -0.617
**_Correlation is significant at the 0.01 level (2-tailed).

*. Correlation is significant at the 0.05 level (2-tailed).

-1 -0.500 0 0.500 1
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Table S3-20. Heatmap of Pearson’s correlation coefficients of selected critical and rare metals detected in
sphalerite from Aspra Chomata after LA-ICP-MS analyses.

Correlations
cd Co Ga Ge Hg In Sb Se Te Ti v w

-0.061

Co 0.206 -0.016
Ga -0.054 0.023
Ge 0.227 -0.045
Hg -0.291 0.011
In 0.248 0.052
Sh 0.220 0.047 0.028 0.163 0.100 0.250 0.099

Se 0.206 -0.016 -0.079 0.226 0.057 0.223
Te -0.206 0.016 0.079 -0.226 -0.057 -0.223
Ti -0.339 0.054 0.026 0.018 0.055 0.551 -0.025 0.041 -0.018
\4 0.002 0.151 0.358 -0.023 0.065 -0.101 0.221 -0.057 0.358 -0.358
w 0.007 0.186 0.071 -0.095 0.052 -0.177 0.159 -0.112 0.071 -0.071
** Correlation is significant at the 0.01 level (2-tailed).

*. Correlation is significant at the 0.05 level (2-tailed).
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SUPPLEMENT 4

Table S4-1. Bulk geochemical analyses of major, trace and rare earth elements of analyzed samples from Vathi. Geochemical analysis

Supplement 4. Datasets of bulk geochemical analyses.

previously published by Stergiou et al. (2021) are also given. b.d.l. = below detection limit; n.a. = not analyzed.

Latite
Propylitic alteration Sericitic alteration
Vath 10 | Vath19 | Vath42 | Vath01 VTH 3 VTH 4 Vath05 | Vath07 | VTH11 | VTH12 \g;h VTH 14 | Vath17 | Vath 20 \gtbh Vath 34 | Vath38 | Vath40 | Vath 45
Stergiou et al. 2021 Stergiou et al. 2021
Major oxides (wt.%)
SiO; 66.73 n.a. 61.57 71.99 56.83 55.79 n.a. n.a. 59.58 63.82 n.a. 56.93 67.09 n.a. 69.35 67.87 n.a. n.a. n.a.
Al,O; 16.35 n.a. 15.85 15.91 13.05 13.08 n.a. n.a. 14.27 15.03 n.a. 13.56 14.80 n.a. 16.88 16.75 n.a. n.a. n.a.
Fe,O3 3.38 n.a. 5.68 2.67 19.22 20.95 n.a. n.a. 10.98 5.65 n.a. 0.69 8.26 n.a. 2.40 3.01 n.a. n.a. n.a.
CaO 0.26 n.a. 2.63 0.05 0.05 0.09 n.a. n.a. 0.29 0.13 n.a. 0.09 0.03 n.a. 0.16 0.2 n.a. n.a. n.a.
MgO 0.32 n.a. 2.82 0.53 0.29 0.50 n.a. n.a. 0.28 0.27 n.a. 0.25 0.59 n.a. 0.51 0.32 n.a. n.a. n.a.
Na,O 0.36 n.a. 4.38 0.14 0.07 0.10 n.a. n.a. 0.70 0.42 n.a. 0.25 0.09 n.a. 0.15 0.73 n.a. n.a. n.a.
K0 8.79 n.a. 2.67 5.12 4.10 4,55 n.a. n.a. 5.90 7.69 n.a. 5.19 5.22 n.a. 4,94 0.39 n.a. n.a. n.a.
MnO 0.02 n.a. 0.04 0.01 0.01 0.03 n.a. n.a. 0.01 b.d.l. n.a. b.d.l. 0.02 n.a. b.d.l. 0.01 n.a. n.a. n.a.
TiO, 0.48 n.a. 0.49 0.48 0.38 0.40 n.a. n.a. 0.41 0.44 n.a. 0.44 0.42 n.a. 0.54 0.44 n.a. n.a. n.a.
Trace elements (ppm)

Ag 0.60 0.70 0.45 3 0.80 1 11 0.77 0.30 2.4 0.39 4.6 0.10 0.94 0.80 0.32 0.48 0.10 0.04

As 2.7 4 30 5.4 2.9 24 7.8 3.7 24 1.4 3 8.4 3.3 183 23 1.9 1 11 5.4

B n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. b.d.l. b.d.l b.d.l. b.d.l.

Ba 1219 1330 189 159 341 99 89 719 1266 1876 927 5043 78 158 478 120 38 39 25

Be 3 4 0.57 5 3 1 4 4 1 5 4 b.d.l. 5 5 5 0.56 0.74 17 12

Bi 12 2.9 4.6 6.8 45 239 13 12 3 8 55 1.2 9.0 9.3 4.6 14.1 0.84 1.4 11

Cd 0.06 0.02 0.27 b.d.l. 0.80 7.7 0.68 0.18 24 25 b.d.l. b.d.l. b.d.l. b.d.l. 0.21 0.10 3.8 0.09 0.02

Ce 107 78 123 13 75 139 91 141 101 119 74 94 122 160 76 121 92 94 31

Co 0.90 0.70 38 0.90 1.6 25 0.50 1 3.4 0.60 1 1.1 3.3 2.8 25 17 18 48 450

Cr 4 4 79 4 n.a. n.a. 5 6 n.a. n.a. 5 n.a. 4 5 5 2 1 2 5

Cs 8.1 7 4.7 8.6 7.9 5.4 6.7 6.4 11 1.7 5.6 7.8 5.6 6.9 10 2.6 2.4 3.2 2.8
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85
3.2
1.8
1.7
20
4.1
n.a.
25
n.a.
0.60
0.19
59
11
0.30
75
1.9
11
39

n.a.
51
13

287
3.8
4.8

0.50
6.2
7.3

196

0.90

0.40

b.d.l

46
5.7
0.30
9.6

88
3.2
1.8
1.2
20
43
n.a.
2.5
n.a.
0.70
0.1
35
14
0.2
58
5.2
13
30
17
n.a.
307
8.7
261
2.9
6.7
1.4

7.6
208

05
0.1
44
4.6
0.3
9.8

117
4.4
2.9
1.6
9.4
6.6
0.24
0.16
0.20
0.95
0.01
68
11
0.43
232
0.36
0.65
46
40
n.a.
117
13
64
1.8
7.6
1.2
8.1
4.2
55
14
0.84
0.49
44
0.83
0.39
8.3

404
2.1

0.50
22

n.a.

n.a.
0.40
0.20

55

9.6
0.20

90

319

9.5

8.4

n.a.
93
17

420
54
43

0.60

2.2
15
28

0.60
0.20
0.09
37
54
0.20
9.4

1450
3.4
2.1
14
15
4.4
n.a.
4.6
0.01
0.60
n.a.
31
n.a.
0.35
n.a.
49
9.7
37
6.7
n.a.
24
9.1
241
0.10

0.70

62
0.80
0.60
b.d.l

37
0.90
0.33

71

1277
10
51
3.6
15
14
n.a
43
b.d.l
19
n.a.
46
n.a.
0.61
n.a.
19
16
93
6.3
n.a.
41
20
339
0.30

b.d.l

17
32
11
0.80
2.0

b.d.l

37
0.90
0.77

14

1274
35
1.8
24
24

n.a.
2.1
n.a.
0.60
0.56
32
6.5
0.30
96

11
44
1.8
n.a.
76
13
406
6.6

0.60
8.7
16
11
0.70
0.60
b.d.l
42
43
0.30
32

1073
3.7

2.2
21
55
n.a.
2.7
n.a.
0.70
0.33
74
12
0.30
70
146
9.7
49
3.3
n.a.
29
15
345
3.4
6.1
b.d.l
8.1
10
200
0.90
0.60
0.09
43
4.6
0.30
28

9297
5.8
3.8
2.0
16
6.5
n.a.
5
0.01
1.2
n.a.
54
n.a.
0.51
n.a.
57
12
41
5.7
n.a.
40
11
170
0.20

11
75

291
0.90

b.d.l
39
0.60
0.54
20

> 10,000

6.4
39
20
15
74
n.a.
4.9
b.d.l
14
n.a.
53
n.a.
0.60
n.a.
39
11
46
23
n.a.
99
13
267
0.10

0.50
8.7

269
0.90
11

b.d.l

40
0.80
0.59

32

341
1.9
13

21
3.6
n.a.
2.4
n.a.
0.40
0.42
38
12
0.20
68
46
8.8
30
2.6
n.a.
82
8.2
292
17
4.6
3.9
5.2
43
237
0.70
0.30
0.27
21
45
0.20
12

> 10,000
3.4
1.7
1.2
15
5.0
n.a.
57
0.11
0.60
n.a.
43
n.a.
0.29
n.a.
62
15
39
1.2
n.a.
89
11
190
0.20

8.3
6.9

321
1.6
0.69
b.d.l
39.7
0.60
0.27
14

1502
1.9
0.90
1.9
20
3.8
n.a.
1.8
n.a.
0.40
0.63
65
10
0.20
191
30
5.9
46
4.2
n.a.
11
14
367
35
52
0.50
6.5
8.3
10
0.50
0.30
0.05
37
4.2
0.20
12

143
2.2

1.8
19
4.1
n.a.
24
n.a.
0.40
0.29
98
17
0.20
46
48
8.1
46
9.1
n.a.
139
16
244
19
4.9
4.9
6.3
11
233
0.70
0.30
0.51
53
35
0.20
11

612
2.6
1.8
11
21

n.a.
21
n.a.
0.60
0.21
36
24
0.30
49
21
13
32
5.6
n.a.
99
9.1
213
2.4
6.2

b.d.l

4.9
13
150

0.40

b.d.l.

41
4.1
0.30
11

59
2.0
0.78
1.6
2.2
4.5
0.13
0.19
0.42
0.29
0.08
64
0.50
0.11
93
0.56
0.22
47
11
863
29
13
42
35
25

b.d.l

7.7
53
19

b.d.l

0.47
0.01
39
0.56
0.10
6.1

3674

15
1.2
1.7
4.1
0.11
0.17
0.32
0.52
0.08
42
0.70
0.22
41
6.3
0.11
35

604
29
10
32
13
1.8
3.8
5.7
15
11
b.d.l
0.55
b.d.l.
40
0.44
0.22
15

120
2.6
1.2
11
1.9
4.0
0.11
0.26
0.22
0.43
0.05
52
11
0.17
4878
17
0.10
33
40
1113
41
9.5
24
0.99
2.2
b.d.l
5.4
b.d.l
20
b.d.l
0.51
0.27
36
0.35
0.17
21

27
2.0
0.87
0.93
5.1
2.3
0.09
0.11
0.10
0.33
b.d.l
18
15
0.09
238
0.50
b.d.l
12
162
809
22
3.3
36
0.56
4.4
7.9
2.4
0.20
16
b.d.l
0.35
0.06
24
0.41
0.11
6.2
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< =<

Zn
zr

Au
Re

82
8.2
15
1.9
22
64

b.d.l

85
23
16
1.8
20
65

90
117
27
2.8
54
184

36
3

52
12
13
1.2
54
7.8

20

b.d.l

91

11

20

2.1
115
176

103
n.a.

72
124
54
3.8
212
162

1170
n.a.

68
24
13
1.8
19
52

118

b.d.l

102
14
15

28
65

7.2

bd.l

42 46
6.2 8.9
31 36
35 3.9
38 28
176 192
Trace elements (ppb)
135 98
n.a. n.a.

66
119
11
1.2
16
58

21

62
4.7
16
1.7

193

26
n.a.

72
10
7.5
14
37
45

30

b.d.l

56 101
>200 7.7
9.9 14
15 1.8
108 67
59 54
33 4
5 b.d.l

25
197
8.1

0.66

14

7.1

72

21
136
14
14
20
6.4

216

20
122
13
11
82
11

7.6

68
95
9.2
0.63
19
5.7

43
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Table S4-1. Continued.

Quartz monzonite _OX|d!zed' Phrea?'“ Cataclasite
mineralization breccia
Potassw-(_:alcw Sericitic alteration Relatively Sericitic alteration
alteration fresh
Vath 44 Vath 30 | Vath 32 Vath 43 Vath 41 VTH6 Vath 15 Vath 33
Stergiou et al. 2021 Stergiou et al. 2021
Major oxides (wt.%)
SiO; n.a. n.a. 69.69 n.a. 63.05 7.58 n.a. 66.70
Al,O3 n.a. n.a. 15.67 n.a. 16.13 4.45 n.a. 16.67
Fe,03 n.a. n.a. 3.14 n.a. 5.09 73.31 n.a. 3.34
CaO n.a. n.a. 0.05 n.a. 3.13 0.07 n.a. 111
MgO n.a. n.a. 0.50 n.a. 1.78 0.17 n.a. 1.85
Na,O n.a. n.a. 0.15 n.a. 401 b.d.l. n.a. 3.06
K0 n.a. n.a. 6.84 n.a. 4.69 0.80 n.a. 4.22
MnO n.a. n.a. 0.01 n.a. 0.12 0.02 n.a. 0.03
TiO, n.a. n.a. 0.48 n.a. 0.51 0.05 n.a. 0.84
Trace elements (ppm)
Ag 0.05 0.30 0.07 0.89 0.12 4.2 35 0.30
As 16 132 4.8 4.1 3.6 473 61 48
B b.d.l. n.a. n.a. b.d.l. n.a. n.a. n.a. n.a.
Ba 80 59 208 210 144 74 176 1645
Be 0.27 5 4 0.84 1.1 2 3 2
Bi 0.34 2.4 2.7 3.4 0.49 5.8 18 0.41
Cd 0.05 0.15 b.d.l. 0.09 0.09 6.9 b.d.l. 0.03
Ce 62 145 64 68 153 40 894 69
Co 13 103 1.9 30 23 42 1 6.8
Cr 32 7 5 5 81 n.a. 18 69
Cs 0.51 6.4 7.6 34 2.9 3 13 6.3
Cu 317 17 15 2577 54 > 10,000 722 109
Dy 2.8 41 1.3 29 4.8 5.4 55 3.8
Er 14 18 0.70 15 2.8 3.1 2.1 1.8
Eu 0.84 2.3 1 0.80 24 0.95 5.1 1.1
Ga 7.7 19 19 8.5 6.0 5.8 23 24
Gd 4.1 72 29 3.9 7.8 3.9 13 5.7
Ge 0.20 n.a. n.a. 0.19 0.18 n.a. n.a. n.a.
Hf 0.12 2.2 24 0.11 0.30 0.80 15 0.02
Hg 0.11 n.a. n.a. 0.19 0.19 0.86 n.a. n.a.
Ho 0.48 0.80 0.30 0.50 0.98 1.1 0.90 0.80
In 0.02 0.19 0.49 0.12 0.01 n.a. 0.81 0.04
La 27 68 33 35 83 23 613 34
Li 1.7 7.2 11 6.9 4.8 n.a. 17 13
Lu 0.19 0.30 0.20 0.23 0.44 0.45 0.30 0.20
Mn 329 6798 93 400 427 n.a. 61 165
Mo 0.40 22 5.0 5.7 1.2 > 2000 341 1.8
Nb 0.64 10 4.7 1.2 1.2 0.20 3.8 5.7
Nd 27 61 26 28 85 14 211 33
Ni 151 92 39 12 49 47 3.7 41
P 2063 n.a. n.a. 1402 n.a. n.a. n.a. n.a.
Pb 20 137 18 33 51 977 28 20
Pr 6.9 18 7.4 7.6 16 3.7 79 8.8
Rb 3 318 89 52 31 63 321 159
Sb 0.62 1.1 1.7 1.2 25 19 11 0.52
Sc 2.1 6.1 6.4 4.6 2.2 7 10 17
Se b.d.l. 0.40 23 2.8 1.2 47 b.d.l. b.d.l.
Sm 5.0 11 45 4.9 10 2.9 23 6.2
Sn 49 8.4 2 2 1.8 3 8.3 3.6
Sr 30 131 128 506 58 64 47 187
Ta b.d.l. 0.80 0.30 b.d.l. 1.8 0.10 0.30 0.50
Th 0.53 0.80 0.10 0.53 1 0.80 1.3 0.60
Te 0.03 0.49 0.17 15 0.49 3 0.09 0.09
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Th
TI
Tm

<s<c

Zn
Zr

Au
Re

42
0.07
0.19

4.6
304

75

14

1.2

15

3.6

5.8

34
4.4
0.30
15
81
73
21
1.7
156
52

20

b.d.l

55
5.2
0.10
21
64
12
6.7
0.90
19
59

b.d.l

47
0.39
0.21

20

117
156

14

14

29

2.6

Trace elements (ppb)

774

9

68
0.21
0.44

16

112
181

15

2.8

39

6.2

37

75
0.30
0.52
263
b.d.l

14

29

3.3

39

26

6996
n.a.

36
43
0.40
41
205
44
27
2.2
34
38

724

13
24
0.30
2.7
148
6.4
22
1.6
33
11

b.d.l
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Table S4-2. Bulk geochemical analyses of major, trace and rare earth elements of

analyzed samples from Gerakario. b.d.l. = below detection limit; n.a. = not analyzed.

Two-mica gneiss
Sericitic alteration
Quartz-stibnite veins

Ger 3.1 Ger 05
Major elements (wt.%)

A 0.04 0.01

ca 0.33 0.46

Fe 0.36 02

K 0.02 b.d.l
Mg b.d.l b.d.l

Na 0.02 0.03

S 16 19

b.d.l b.d.l
Ti
Ger 3.1 Ger 05 Ger 3.1 Ger 05
Trace elements (ppm)

Ag 0.98 1.2 Pb 22 20
As 6.2 4.6 Pr b.d.l b.d.l
Au 0.05 0.04 Rb 0.9 0.4
B 12 28 Re b.d.l b.d.l.
Ba b.d.l b.d.l Sh 326,000 574,000
Be b.d.l b.d.l Sc b.d.l b.d.l
Bi 0.02 0.03 Se b.d.l b.d.l
Cd 0.05 0.04 Sm b.d.l b.d.l
Ce 0.09 0.12 Sn 0.5 0.6
Co 1.8 0.9 Sr 17 22
Cr 202 97 Ta b.d.l. b.d.l.
Cs 0.15 0.18 Tb b.d.l b.d.l
Cu 27 31 Te b.d.l b.d.l
Dy b.d.l b.d.l Th b.d.l b.d.l.
Er b.d.l b.d.l Ti b.d.l b.d.l
Eu b.d.l b.d.l T 0.81 0.86
Ga 0.16 0.07 Tm b.d.l b.d.l.
Gd b.d.l b.d.l U 0.09 0.13
Ge b.d.l b.d.lL \Y b.d.l b.d.l
Hf b.d.l b.d.l w b.d.l b.d.l.
Hg b.d.l. b.d.l. Y 0.16 0.13
Ho b.d.l b.d.l Yb b.d.l b.d.l
In b.d.l b.d.l Zn 6 b.d.l
La 0.4 0.4 Zr b.d.l b.d.l.
Li 0.1 b.d.l

Lu b.d.l b.d.lL
Mn 33 20
Mo 0.12 0.09

Nb b.d.lL b.d.lL

Nd b.d.l b.d.l

Ni 5.9 3.6

P 12 14

Pb 22 20

Pr b.d.lL b.d.lL
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Table S4-3. Bulk geochemical analyses of major, trace and rare earth elements of

analyzed samples from Laodikino. b.d.l. = below detection limit; n.a. = not analyzed.

Polymetallic quartz veins

Magnetite-rich pods

Quartz vein

Pegmatite

Two mica gneiss

Sericitization

Chiloritization

Chloritization

Sericitization

Sericitization and
supergene oxidation

LAO 08bi LAO 08bii LAO 08 LAO 08a LAO 06a LAO 07 LAO 10 LAO 11
Major elements (wt.%)
SiO, n.a. n.a. n.a. n.a. n.a. 60.8 68.02 n.a.
Al,O3 n.a. n.a. n.a. n.a. n.a. 20.73 17.26 n.a.
Fe,03 n.a. n.a. n.a. n.a. n.a. 2.77 248 n.a
Cao n.a. n.a. n.a. n.a. n.a. 0.29 0.01 n.a.
MgO n.a. n.a. n.a. n.a. n.a. 122 12 n.a.
Na,O n.a. n.a. n.a. n.a. n.a. 3.3 0.38 n.a
K,O n.a. n.a. n.a. n.a. n.a. 5.57 5.94 n.a.
MnO n.a. n.a. n.a. n.a. n.a. 0.04 0.04 n.a.
TiO, n.a. n.a. n.a. n.a. n.a. 0.19 0.07 n.a.
P,0Os n.a. n.a. n.a. n.a. n.a. 0.13 b.d.l. n.a.
BaO n.a. n.a. n.a. n.a. n.a. 0.11 0.07 n.a.
Cr,03 n.a. n.a. n.a. n.a. n.a. 0.02 b.d.l. n.a.
SrO n.a. n.a. n.a. n.a. n.a. b.d.l. b.d.l. n.a.
Major elements (ppm)
Al 0.12 0.14 3.1 1.6 14 0.62 0.16 0.79
Ca 3.8 35 12 8.6 0.03 0.14 0.01 0.03
Fe 19 23 8.6 8.8 4.1 0.36 0.25 45
K 0.02 0.01 0.04 0.02 0.1 0.53 0.23 0.11
Mg 0.11 0.14 2.3 1.4 0.96 0.06 0.01 0.37
Na b.d.l. 0.01 b.d.l. b.d.l. b.d.l. 0.05 b.d.l. 0.02
S 31 32 11 0.69 0.04 0.01 0.07 b.d.l.
Ti b.d.l. b.d.l. 0.02 0.01 0.02 0.01 b.d.l. 0.01
Trace elements (ppm)
Ag 2,433 1,750 0.15 0.22 1.6 0.17 0.12 0.33
As 2,497 6,334 50 24 19 3.8 2 184
Au 3 2.2 0.06 0.03 0.01 0.003 0.002 0.02
B b.d.l. 31 12 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Ba b.d.l. 13 15 43 68 120 43 43
Be b.d.l. b.d.l. 0.55 0.38 0.24 0.3 0.11 0.27
Bi 83 77 0.83 0.65 0.04 0.02 0.2 0.16
Cd 247 207 0.39 0.41 1.7 0.16 b.d.l. 0.72
Ce 9 6.9 58 33 55 26 79 16
Co 166 81 28 21 33 6.1 9.8 30
Cr 1 106 26 18 242 96 b.d.l. 252
Cs b.d.l. b.d.l. 0.08 0.06 0.69 0.24 0.23 0.25
Cu 98,350 75,890 115 197 32 3.2 14 4,488
Dy 1.4 1.16 4.6 4.1 1 35 0.12 21
Er 0.74 0.57 1.96 1.95 0.7 2 0.05 12
Eu 0.28 0.27 17 11 0.18 0.32 0.05 0.32
Ga 1 12 11 85 4.3 2.1 0.47 1.9
Gd 1.4 13 6.8 4.7 0.95 3 0.28 2
Ge 0.16 0.29 0.3 0.23 0.15 b.d.l. b.d.l. 0.14
Hf b.d.l. b.d.l. 0.02 b.d.l. b.d.l. 0.02 b.d.l. b.d.l.
Hg 187 171 0.05 0.05 0.2 0.06 0.82 0.53
Ho 0.25 0.21 0.71 0.68 0.21 0.65 0.02 0.39
In 53 53 0.1 0.15 0.01 b.d.l. 0.01 0.08
La 4.3 3.2 30 15 2.8 11 45 7.2
Li 0.3 04 14 8.1 10 2.2 0.8 22
Lu 0.12 0.08 0.39 041 0.24 0.27 b.d.l. 0.22
Mn 1,759 860 26,090 22,802 2,381 115 10 313
Mo 0.11 0.42 0.98 0.66 1.6 1 0.11 1.49
Nb b.d.l. 0.12 0.12 0.14 0.09 0.19 0.08 0.14
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Nd
Ni

Pb
Pr
Rb
Re
Sh
Sc
Se
Sm
Sn
Sr
Ta
Th
Te
Th
TI
Tm

< s<CcC

Yb
Zn
Zr

4.6
62
b.d.l.
3,279
11
0.6
b.d.l
70,500
0.4
24
13
14
79
b.d.l
0.23
0.03
b.d.l
0.28
0.11
11
10
b.d.l
7.5
0.7
43,200
b.d.l

3.9
78
b.d.l
7,463
0.96
0.3
b.d.l
54,000
0.8
59
11
2.8
46
b.d.l
0.19
0.03
0.3
0.21
0.07
0.74

0.26
5.2
0.5

40,000

b.d.l

31
29
190
8.3
75
24
0.002
13
12
0.8
6.9
0.3
439
0.02
0.94
0.07
43
0.04
0.29
15
35
84
22

109
0.9

18
27
174
9.3
43
13
0.002
15
12
0.5
4.3
0.3
506
0.02
0.74
0.06
3.4
0.03
0.29
0.87
46
123
20
2.2
112
0.6

39
70
224
0.71
9.3
0.003
69
0.7
b.d.l
0.76
0.4
53
0.03
0.16
0.01
0.4
0.3
0.12

10
400
6.8
0.94
313

b.d.l

13
31
623

25
3.2

22

0.002

6.9

0.7
b.d.l
2.8
0.2
3.8
0.01
0.52
b.d.l
10
0.14
0.29

127
18
18
31
b.d.l

2.7
0.3
23
2.9
0.8
10
0.001
2.17
b.d.l
b.d.l
0.44
31
33
b.d.l
0.03
b.d.l
0.7
0.08
b.d.l
0.09
b.d.l
207
0.47
0.04
b.d.l
b.d.l

7.4
18
604
40
1.8
55
0.003
10
0.5
1.3
1.8
0.6
13
b.d.l
0.32
0.33
2.4
0.07
0.19
3.5
10
325
9.8
13
125
b.d.l
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Table S4-4. Bulk geochemical analyses of major, trace and rare earth elements of analyzed samples from Kolchiko. b.d.l. = below detection limit; n.a. = not analyzed.

sl\élr:?sat Pegmatite Milky quartz veins Polymetallic massive veins Polymetallic quartz veins py(/grLijtir\t/é-in
Sericitization
KL 02b KL 06 KL 01 kLoza | KoL KOLX KO | kowxote | KOLX Ko~ KO | KoLxose | KL13i | KL1Si | KL13a KL 07
Major elements (wt.%)
Al 0.45 0.33 0.06 0.99 0.03 0.02 0.06 0.01 b.d.l 0.15 0.16 0.05 0.19 0.33 0.46 0.07
Ca 2.3 0.11 0.12 0.18 0.01 0.01 0.01 0.01 b.d.l 0.01 0.02 b.d.l 0.05 0.09 0.07 0.28
Fe 9.4 0.59 2.2 1.7 31 30 24 27 25 23 21 9.4 21 16 13 2.7
K 0.15 0.28 0.03 0.5 0.06 0.04 0.06 b.d.l b.d.l 0.06 0.08 0.05 0.11 0.25 0.36 0.03
Mg 0.35 0.02 0.03 0.44 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 0.05 0.02 0.02 0.07 0.05 0.02
Na 0.02 0.07 0.01 0.08 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.02 0.01 0.02 0.01
S 0.6 0.02 0.56 0.15 >10 >10 9.3 >10 >10 6.6 9.1 9.9 >10 >10 11 2.2
Ti 0.01 b.d.l b.d.l 0.06 b.d.l b.d.l b.d.l b.d.l b.d.l 0.01 0.006 b.d.l b.d.l 0.01 0.01 0.01
Trace elements (ppm)

Ag 0.12 0.03 0.2 0.06 1.7 14 1.3 45 13 18 5.6 9.7 23 33 17 0.18
As 4266 1.9 17 284 370,900 356,300 285,300 1686 870 294,900 259,400 908 4308 5551 1729 11
Au 0.01 0.003 0.04 0.002 11 21 24 0.35 0.34 9.18 0.66 0.3 0.35 0.13 0.53 0.32
B 17 b.d.l. b.d.l. b.d.l. 21 23 21 23 15 17 15 b.d.l. 12 15 17 b.d.l.
Ba 18 76 b.d.l 76 b.d.l b.d.l b.d.l b.d.l b.d.l 16 13 11 b.d.l. 13 21 11
Be 0.17 0.5 b.d.l 0.31 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 0.15 0.18 0.19 b.d.l
Bi 35 0.19 108 12 262 466 504 181 390 693 190 425 995 694 739 30
Cd 0.17 0.03 b.d.l. 0.02 0.05 0.03 0.06 1.9 0.55 0.01 0.24 0.15 3.2 14 12 0.11
Ce 6.1 5.9 0.43 15 14 54 18 0.32 041 20 9.3 12 16 15 7.9 2.1
Co 53 44 27 4.4 296 275 269 124 78 161 261 89 320 245 159 19
Cr 6092 226 606 237 b.d.l b.d.l b.d.l b.d.l b.d.l 2 b.d.l b.d.l b.d.l. b.d.l. 271 503
Cs 0.82 0.15 b.d.l. 15 0.1 b.d.l. 0.1 0.05 b.d.l. 0.17 0.55 0.14 0.13 0.47 0.23 0.06
Cu 80 9.7 29 36 142 85 138 713 643 128 156 600 1159 615 1462 128
Dy 14 0.55 b.d.l 1.8 0.19 0.09 0.15 b.d.l b.d.l 0.26 0.5 0.07 14 17 15 0.39
Er 0.88 0.28 0.03 0.94 0.08 0.04 0.06 b.d.l b.d.l 0.1 0.23 0.04 0.7 0.87 0.83 0.29
Eu 0.33 0.17 b.d.l 0.25 0.08 0.04 0.06 b.d.l b.d.l 0.13 0.19 b.d.l 0.28 0.25 0.23 0.08
Ga 3.6 11 0.64 34 0.6 0.37 0.68 0.06 0.05 0.91 0.84 0.28 19 21 24 0.49
Gd 1.3 0.5 b.d.l. 1.7 0.34 0.15 0.3 b.d.l. b.d.l. 0.5 0.67 0.07 15 1.7 13 0.31
Ge 0.07 b.d.l. b.d.l. b.d.l. 0.12 0.12 0.11 0.15 0.13 0.09 0.12 0.06 0.2 0.16 0.11 b.d.l.
Hf b.d.l b.d.l b.d.l 0.03 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 0.03




Hg
Ho

La
Li
Lu

Mo
Nb
Nd
Ni

Pb
Pr
Rb
Re
Sh
Sc
Se
Sm
Sn
Sr
Ta
Tb
Te
Th
TI
™™

< s<C

Yb
Zn
Zr

b.d.l
0.28
0.03
3.4
53
0.18
2175
15
1.8

141
414
11
0.96
9.9
0.004
7.4
0.5
0.5

5.2

35
b.d.l
0.21
0.04

0.6
0.08
0.13
0.58

0.51
8.3

13
0.6

0.01
0.1

b.d.l

2.6

0.03
150
0.88
0.09
2.3
7.3
423
35
0.64
8.2

b.d.l

648
0.2

b.d.l

0.49
0.3
7.6

b.d.l

0.08

b.d.l
b.d.l

0.05
0.04
0.23

0.13
2.6
0.23

b.d.l

0.01

b.d.l
b.d.l

0.3
0.4

b.d.l

83

0.16
0.2
12
38
84

0.06
1.2

b.d.l

53

b.d.l

0.8
0.05
0.4
3.3

b.d.l
b.d.l

0.2
0.3
0.04

b.d.l
b.d.l
b.d.l

0.79
0.25
0.04

b.d.l

b.d.l

0.34
0.02
7.2
4.6
0.12
217
0.75
0.31
6.8
6.9
672

1.8
27

b.d.l

9.5

b.d.l

1.6
3.2

b.d.l

0.29
0.02
4.9
0.19
0.12
15

0.34
8.8

0.81
26
0.7

0.04
0.03
0.01
12
b.d.l
0.02
14
1.2
0.1
2.8
36
52
50
11
0.7
0.004
58
0.2
9.6
0.44
0.2
51
b.d.l
0.04
14
13
0.1
0.01
0.58

35
0.93
0.08

b.d.l

0.05
0.01
b.d.l
41
0.2
b.d.l
11
0.95
0.1
14
32
32
37
0.5
0.5
0.002
54
0.1
8.8
0.23
b.d.l
1.8
0.01
0.02
1.8
0.5
0.08
b.d.l
0.33

109
0.41
0.03

b.d.l

0.07
0.03
0.01
17
0.2
0.01
13
0.78
0.12
2.7
24
146
61
1.2
0.8
0.003
39
0.2

0.38
b.d.l
85
0.02
0.03
14
0.6
0.06
0.01
0.75

246
0.7
0.07

b.d.l

0.09
b.d.l
0.07
b.d.l
0.3
b.d.l
25
0.37
0.08
b.d.l
50
b.d.l
480
b.d.l
0.4
0.002
23
b.d.l
10
b.d.l
12
0.7
b.d.l
b.d.l
0.36
b.d.l
0.18
b.d.l
0.05

189
0.18
b.d.l

30
b.d.l

0.10
b.d.l
0.38
0.3
b.d.l
b.d.l
17
0.18
0.12
0.1
39
b.d.l
229
0.04
0.1
0.004
25
b.d.l
17
b.d.l
0.4
0.4
b.d.l
b.d.l

b.d.l
0.35
b.d.l
b.d.l

469
0.1
b.d.l

b.d.l

0.04
0.04
0.01
10
0.3
0.03
12
1.15
0.27
49
24
77
3.7
1.8
2.3

b.d.l

42
0.3

0.8
0.4
11

b.d.l

0.06
1.6
15

0.05

0.02
0.3

36
0.64
0.13

b.d.l

0.05
0.09
0.02
4.1
0.6
0.03
25
14
0.28
3.9
27
66
130
11
5.6
0.002
35
0.2
11
0.85
0.8
2.6

0.1
2.2
11
0.4
0.03
2.5

142
21
0.2

b.d.l

0.16

0.01

0.07
0.7
0.4

b.d.l

17
0.46
0.19
0.4
12
22
315
0.12

0.01
0.61

b.d.l

57
0.07
0.6
1.8

b.d.l

0.01
15
0.3

0.13

b.d.l

0.07

844
0.43
0.04

b.d.l

0.1
0.26
0.13

7.1

0.9
0.12

45

11
0.13

6.2

46

187
2286

1.8

4.4

0.002

13

0.1

38

1.6

0.3

2.5
b.d.l
0.26

6.5
0.35
0.11
0.56

168

5.7

0.67
964
b.d.l

0.25
0.32
0.44
7.6
14
0.14
64

0.24
5.6
34
501
2900
1.6
12
0.002
13
0.3
31
1.6
0.7
3.1

0.3
21
15
0.21
0.13
1.2

176

7.3

0.82
5119
b.d.l.

0.12
0.29
0.35
3.7
2.4
0.12
60
15
0.27

30
369
1538
11
14
b.d.l
11
0.3
19
1.2

2.4
b.d.lL
0.24

2.6

6.8

0.2
0.11
0.64

0.88
55
0.78
4112
b.d.l.

0.008
0.09
b.d.l
11
0.5
0.04
98
0.88
0.33

20
26
51
0.27
15
b.d.l
183
0.1

0.26
0.4
3.9

0.01

0.05

0.12
0.5

0.05

0.04

0.08

b.d.l

0.11
2.5
0.3

b.d.l
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Table S4-5. Bulk geochemical analyses of major, trace and rare earth elements of analyzed

samples from Aspra Chomata. b.d.l. = below detection limit; n.a. = not analyzed; Pot. alt. =

potassic alteration overprinted by chloritic-sericitic alteration.

Granodiorite porphyry

Epithermal base-metals sulfide veins

Pot. alt. Sericitic alteration
Ach 07 Acho4 | Achor | Ach02* | Ach1t | Ach12 | Ach05* | Acho08Bla | Ach08B2* | Ach08B2b
Major oxides (wt.%)
SiO; 65.21 66.31 n.a. n.a. 68.29 n.a. n.a. n.a. n.a. n.a.
Al,O3 16.19 16.4 n.a. n.a. 15.48 n.a. n.a. n.a. n.a. n.a.
Fe,03 4.53 4.24 n.a. n.a. 3.58 n.a. n.a. n.a. n.a. n.a.
CaO 1.88 2.69 n.a. n.a. 154 n.a. n.a. n.a. n.a. n.a.
MgO 2.69 1.84 n.a. n.a. 1.55 n.a. n.a. n.a. n.a. n.a.
Na,O 3.16 3.32 n.a. n.a. 3.23 n.a. n.a. n.a. n.a. n.a.
K0 3.36 3.44 n.a. n.a. 3.7 n.a. n.a. n.a. n.a. n.a.
MnO 0.04 0.04 n.a. n.a. 0.04 n.a. n.a. n.a. n.a. n.a.
TiO, 0.5 0.47 n.a. n.a. 041 n.a. n.a. n.a. n.a. n.a.
P,Os 0.16 0.17 n.a. n.a. 0.14 n.a. n.a. n.a. n.a. n.a.
BaO 0.09 0.09 n.a. n.a. 0.2 n.a. n.a. n.a. n.a. n.a.
Cr,04 0.03 0.02 n.a. n.a. 0.04 n.a. n.a. n.a. n.a. n.a.
SrO 0.06 0.07 n.a. n.a. 0.05 n.a. n.a. n.a. n.a. n.a.
Major elements (wt.%)
Al n.a. 1.8 1.7 7 1.6 0.30 0.49 0.12 0.08 0.05
Ca n.a. 0.46 0.96 0.04 0.23 0.02 0.03 0.01 b.d.l. 0.01
Fe n.a. 2.7 2.2 5.5 2.6 3.7 3.3 1.2 7.4 8.2
K n.a. 0.31 0.26 2.8 0.21 0.17 0.17 0.08 0.02 0.02
Mg n.a. 1.2 1.3 0.42 1.3 0.02 0.02 b.d.l. b.d.l. b.d.l.
Na n.a. 0.08 0.05 0.14 0.04 0.02 0.04 b.d.l. b.d.l. 0.01
S n.a. b.d.l. 0.17 0.75 0.02 0.13 0.64 1.2 >10 >10
Ti n.a. 0.15 0.04 0.12 0.03 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Trace elements (ppm)
Ag n.a. 0.12 0.19 12 04 0.32 105 75 225 610
As n.a. 4 2.2 531 34 24 3,359 507 6572 5,191
Au n.a. 0.03 0.02 13 0.01 0.01 13 3 31 25
B n.a. b.d.l. b.d.l. n.a. b.d.l. b.d.l n.a. b.d.l. n.a. b.d.l.
Ba 865 163 637 1254 264 91 94 b.d.l. b.d.l. b.d.l.
Be n.a. 0.37 05 1.7 0.44 2.4 0.61 0.21 0.29 0.75
Bi n.a. 0.32 0.18 18 0.14 3.8 1.2 13 0.35 0.52
Cd n.a. 0.12 29 1.2 0.53 0.05 67 10 >1000 1,180
Ce 68 46 33 43 35 20 14 9.2 1.9 59
Co n.a. 18 22 74 21 5.6 221 27 91 8.6
Cr 222 103 7 7 9 1 7 333 1 141
Cs 4.2 2.6 31 8.6 13 0.82 0.94 0.47 0.12 0.09
Cu n.a. 513 725 566 382 1,057 1,712 64 2,702 4,432
Dy 3.1 2.4 19 n.a. 1.9 1.2 n.a. 0.16 n.a. 0.31
Er 2.1 1.2 0.97 n.a. 0.92 0.61 n.a. 0.06 n.a. 0.16
Eu 1.1 0.51 0.6 n.a. 0.57 0.4 n.a. 0.25 n.a. 0.1
Ga 18 73 6.9 14 7 0.75 8.1 0.75 12 19
Gd 4 29 24 n.a. 25 1.3 n.a. 0.37 n.a. 0.31
Ge n.a. 0.16 0.1 0.54 0.13 b.d.l. 0.26 0.06 0.11 0.72
Hf 4.3 b.d.l. b.d.l. 0.4 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Hg n.a. 0.02 0.03 n.a. 0.04 0.02 n.a. 31 n.a. 32
Ho 0.68 0.43 0.34 n.a. 0.33 0.2 n.a. 0.02 n.a. 0.05
In n.a. 0.01 0.01 0.09 b.d.l. 0.02 5 0.01 0.15 0.28
La 38 22 16 24 17 14 9.3 5.1 1.7 3.2
Li n.a. 15 11 15 17 0.30 24 0.4 7.9 0.1
Lu 0.35 0.17 0.14 n.a. 0.13 0.12 n.a. b.d.l. n.a. 0.03
Mn n.a. 326 204 783 376 35 117 79 580 703
Mo n.a. 0.79 11 68 0.69 32 175 4.4 1.6 15
Nb 9.6 0.46 0.09 51 0.12 b.d.l. 0.4 0.12 0.1 b.d.l.




Nd
Ni

Pb
Pr
Rb
Re
Sh
Sc
Se
Sm
Sn
Sr
Ta
Th
Te
Th
TI
Tm

< =<cC

Yb
Zn
Zr

26
n.a.
n.a.
n.a.

161
n.a.
n.a.
n.a.
n.a.
4.7

b.d.l

586
11
0.55
na.
25
n.a.
0.32
8.6
115
3
20
2
n.a.
157

18

7.6
704
18

34
0.002
0.46
5.2
b.d.l
34
0.8
69
b.d.l
0.42
0.04
24
0.3
0.17
6.6
70
103
12
11
53
0.7

14
5.4
642

15
3.7
25

0.05

1.2
3.7
0.5
2.6
0.4
43

b.d.l
0.34
0.01

28

0.29
0.14

10
58
181
10

0.85
114
b.d.l

n.a.
2.5
595
1,096
n.a.
234
0.02
242
6
5
n.a.
9.2
30
0.91
n.a.
0.27
23
3.4
n.a.
3.8
60
482
41
n.a.
159
4.3

15
5.7
745

21
4.2
21

0.002

2.1
4.4
0.2
2.9
0.2
29

bd.l
0.34
0.02

25

0.2
0.13
6.6

69
188
9.4
0.8

124
b.d.l

7.3
0.6
820
60
2.2
12
0.002

0.4
14
15
b.d.l.
61
b.d.l.
0.19
0.4
21
0.12
0.1
25
9
72
4.3
0.73
4
b.d.l.

n.a.
31
1,916
20,850
n.a.
9.8
0.03
2,848
0.8
46
n.a.
47
58
0.68
n.a.
0.46
1.7
0.59
n.a.
23
8
1,411
2.5
n.a.
417
0.8

35

6.7

176
9,550

0.004
2,374
0.2
2.2
0.57
44
14
b.d.l
0.04
0.13
1.7
7.1
b.d.l
0.62

378

0.65
0.04
1,619
b.d.l

n.a.
0.7
213
62,849
n.a.
14
0.02
>10,000
0.5
1
n.a.
41
8.1
0.29
n.a.
0.41
1.9
80
n.a.

1,029
1.6
n.a.

16,0557

b.d.l

2.4
2.8
941
105,200
0.7
14
0.01
39,570
0.9
2
0.38
69
32
b.d.l
0.05
0.03
b.d.l
87
0.02
3.1

15
1.6
0.16
17,5100
b.d.l

" Trace elements for these samples were adapted from Gounaris (2017).
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