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Abstract

The Kassandra mining district in the eastern Chalkidiki Peninsula of northern Greece contains ~12 Moz Au
in porphyry and polymetallic carbonate-hosted replacement sulfide orebodies. Zircon U-Pb geochronology
defines two distinct magmatic episodes in the late Oligocene (27-25 Ma) and early Miocene (2019 Ma). Both
suites are characterized by high K calc-alkaline magmas with the younger early Miocene porphyritic stocks and
dikes having indications of shoshonitic geochemistry. Normalized rare earth element patterns support plagio-
clase fractionation among the late Oligocene suite, whereas amphibole or garnet fractionation is more likely for
early Miocene porphyries.

Carbonate replacement mineralization is hosted in marble contained within the semibrittle Stratoni fault
zone. Mineralization varies along the 12-km strike length of the fault zone from Cu-bearing skarn adjacent to
the late Oligocene Stratoni granodiorite stock westward into Au-Ag-Pb-Zn-Cu carbonate replacement deposits
at Madem Lakkos and Mavres Petres. Piavitsa, at the western end of the exposed fault zone, hosts siliceous
Mn-rich replacement bodies associated with crustiform Au-rich quartz-rhodochrosite veins. Structural and
alteration relationships suggest that carbonate replacement mineralization is syn- to postemplacement of the
late Oligocene Stratoni granodiorite stock at 25.4 = 0.2 Ma. The Olympias Au-Ag-Pb-Zn carbonate replace-
ment deposit, located north of the Stratoni fault zone, is hosted in marble and associated semibrittle structures.
Olympias is broadly similar to the Madem Lakkos and Mavres Petres deposits. Early Miocene Au-Cu mineral-
ization at Skouries is associated with a narrow pipe-shaped multiphase porphyry stock emplaced into the hinge
zone of a regional antiform.

Late Oligocene and early Miocene magmatism overlaps spatially within the district but defines distinct pet-
rogenetic events separated by about 5 m.y. Carbonate replacement massive sulfide deposition was largely con-
trolled by an extensional structure and receptive host rocks within the fault zone, whereas a major regional fold
axis localized the Skouries porphyry system. The change in character of mineralization with time may reflect
a combination of factors including preexisting structural control, magmatic-hydrothermal processes, and the
availability of reactive host rocks.

Introduction at Madem Lakkos produced approximately 13.5 Mt of Ag-Pb-

The Kassandra mining district is located on the eastern Zn ore (Forward et al., 2010). Mavres Petres has a measured

Chalkidiki Peninsula approximately 100 km east of Thessa- ~€30Urce of 1.1 Mt at 210 g/t Ag, 7.9% Pb, and 10.5% Zn
loniki. The cumulative gold endowment, ~12 million ounces (El(io.rado Gold Codrp., 301(?) r{h(f Skouries ?gég%%)zph)’éy
(Moz) Au (Eldorado Gold Corp., 2016) in porphyry and car-  contains a measured and indicated resource of 283. grad-
bonate-hosted replacement-style sulfide orebodies, makes ™M& 0.6 g/t l?u alnd 0'43?’ Cu <Eld0rﬁd0 %Olllg Cl(:l'p 2016).

this district one of the most economically significant min- Mining of go dand silver ores in the Cha idiki region dgt('es
ing camps in the Serbo-Macedonian metallogenic province from antiquity, about 350 B.C., during the rule of King Phillip
(Hahn et al., 2012). Polymetallic orebodies occur at Olympias IT of Macedon and his successor, Alexander the Great. Historic
Madem Lakkos. and Mavres Petres. and Au-Cu mini:raliza-’ records indicate that the extraction of ores from the mines of
tion is hosted by the Skouries porphyry. Olympias contains a Potidaea and Mt. .Pailgaeus ﬁnanc}fd expansion of the emlplre
measured resource of 16.3 million metric tons (Mt) at 8.6 g/t .(e.g., D 1(?d0rus.Slcu us, 1963). T € reglon experienced lim-
Au, 146 g/t Ag, 4.9% Pb, and 6.5% Zn (Eldorado Gold Corp.. 1ted activity during Roman rul(‘e and intermittent developm('ent
2016), including 1.86 Mt grading 3.4 g/t Au in economically during the 9% and 15t centuries A.D. while under Byzantine

recoverable stockpiles from previous operations. Past mining and Ottoma.n occupation, respectively (Haines, 1998). M%n-
eral extraction occurred throughout the 20 century with

 Corr . . modern exploration and mining practices established during
orresponding author: e-mail, crs344@cornell.edu . .

“Digital Appendix Tables for this paper are available online at www.segweb. the 1960s and 1970s when the Hellenic Chemical Products
org/SP19-Appendices. and Fertilizers Company Ltd. operated the Madem Lakkos
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and Olympias mines, and exploration was undertaken at
Skouries by Nippon Mining, Placer International, and Penar-
oya (Tobey et al., 1998). Billiton Resources briefly evaluated
Skouries in the early 1980s (Tobey et al., 1998). TVX Gold
took over mining at Madem Lakkos and Olympias in 1995,
and exploration and resource evaluation continued at Olym-
pias and Skouries through 2002. European Goldfields held
the concessions prior to acquisition in 2012 by Eldorado Gold
Corporation. Currently, Mavres Petres is an operating mine,
tailings are being reprocessed at Olympias, and new mine
development is underway at Skouries and Olympias.

The objective of this study is to describe the metallogenic
framework of the Kassandra mining district based on the
structural architecture of the area and the timing and petro-
genesis of Oligo-Miocene magmatism. The work was based
on mapping approximately 250 km?2, logging representative
drill holes, and compilation of drill and exploration data. We
present petrography, whole-rock geochemistry, and high-pre-
cision zircon U-Pb geochronology defining ages for intrusive
rocks belonging to Oligo-Miocene magmatism. These results
further constrain the timing of Oligo-Miocene magmatism
that builds upon previous work, and improves understand-
ing of the metallogenic evolution of Au-Cu porphyry and Au-
rich polymetallic carbonate-hosted replacement deposits of
the region. All data from this study including sample location
information are presented in Appendices Al and A2.

Regional Geologic Framework

The Hellenides of northern Greece form a segment of the
Alpine-Himalayan mountain chain connecting the Balkan
Peninsula with the Anatolides of Turkey. This section of the
orogenic belt resulted from the convergence of the Apulian
and Pelagonian microcontinents with the Serbo-Macedonian
and Rhodope continental fragments previously accreted to the
Eurasian margin during the Late Cretaceous to early Eocene
(Pe-Piper and Piper, 2006). Convergence of microcontinents
and subduction of oceanic lithosphere led to magmatism
resulting from slab detachment or lithospheric delamina-
tion assisted by rollback of the subducting slab during post-
collisional back-arc extension of the subduction wedge (de
Boorder et al., 1998; Wortel and Spakman, 2000; Lips, 2002;
Neubauer, 2002; Brun and Sokoutis, 2010; Ring et al., 2010;
Jolivet et al., 2013; Papanikolaou, 2013).

The Rhodope metamorphic province is described as an
amphibolite-grade, crustal-scale, synmetamorphic accretion-
ary wedge consisting of stacked nappes that lie in the hin-
terland of the Hellenic subduction zone (Burg et al., 1990,
1996; Ricou et al., 1998; Gautier et al., 1999; Bonev et al.,
2006; Krenn et al., 2010). The Greek segment of the Rho-
dope metamorphic province extends to the southwest to
the Vardar suture zone (Ricou et al., 1998) and is bound to
the northeast by the Maritza strike-slip fault and the Thrace
basin. Kydonakis et al. (2014) divided the Rhodope metamor-
phic province into three tectonic domains: northern Rhodope
complex, southern Rhodope metamorphic core complex, and
the Serbo-Macedonian domain. In the Chalkidiki region, the
Serbo-Macedonian Vertiskos unit is separated from the south-
ern Rhodope metamorphic core complex by the Kerdilion
detachment fault (Fig. 1; Brun and Sokoutis, 2007; Wiithrich,
2009; Kydonakis et al., 2014).

The Vertiskos unit is a Silurian-age exotic terrane that
belonged to a continental magmatic arc of Gondwana origin
that was accreted onto the European margin in the Carbon-
iferous (Himmerkus et al., 2006, 2007, 2009a). The Vertiskos
unit consists of leucocratic augen gneisses and kyanite- and
staurolite-bearing schist (Himmerkus et al., 2009a) that
reached amphibolite-facies metamorphic conditions in the
Late Jurassic to Early Cretaceous (Kilias et al., 1999; Lips et
al., 2000). The Kerdilion unit originated from a Permo-Car-
boniferous magmatic arc overlain by Tethyan carbonates, and
later witnessed magmatic activity during the Late Jurassic and
Cretaceous (Turpaud and Reischmann, 2003; Himmerkus et
al., 2011), and again during the early Miocene related to exhu-
mation of the metamorphic dome (Jones et al., 1992; Dinter
et al., 1995). Orthogneiss, paragneiss, marbles, micaceous
schists, and amphibolite of the Kerdilion unit form the tec-
tonic upper and westernmost portion of the southern Rho-
dope metamorphic core complex (Burg et al., 1993; Brun and
Sokoutis, 2007; Himmerkus et al., 2011).

Triassic rifting of the European arc resulted in the opening
of the Vardar Ocean and development of mafic units (Dixon
and Dimitriadis, 1984; Himmerkus et al., 2005; Bonev and
Dilek, 2010) and intrusion of A-type granites of the Arnea-
Kerkini suite (Christofides et al., 2007). This magmatic event
is evident in the Chalkidiki region with the Arnea granite that
intruded the Vertiskos unit at 228 + 5.6 Ma (De Wet et al.,
1989; Himmerkus et al., 2009b). The Arnea suite is inter-
preted to have a within-plate tectonic signature character-
istic of a rift-dominated environment similar to Triassic-age
granites elsewhere in the Aegean (Himmerkus et al, 2009b).
Closure of the Vardar Ocean during the Cretaceous Alpine
orogeny culminated in amphibolite-grade metamorphism of
the Serbo-Macedonian domain and the Triassic rift-related
granites (Himmerkus et al., 2009b). Ductile deformation of
the Kerdilion unit, however, was accompanied by early to mid-
dle Eocene upper greenschist- to lower amphibolite-grade
metamorphism, with a retrograde greenschist metamorphic
overprint (Wawrzenitz and Krohe, 1998; Lips et al., 2000).

The Vertiskos unit is separated from the southern Rho-
dope Kerdilion unit by the arcuate Athos-Volvi suture zone
(Himmerkus et al., 2005) and the Kerdilion fault (Fig. 1;
Kydonakis et al., 2014). Amphibolite, garnet-amphibolite, and
serpentinized ultramafic rocks form a tectonic mélange with
the adjacent gneisses. Mafic and ultramafic rocks belonging
to the Athos-Volvi or Thermes-Volvi-Gomati ophiolite com-
plex (Dixon and Dimitriadis, 1984; Bonev and Dilek, 2010)
are classified as noncumulate and cumulate low K tholeiites
of gabbroic to hartzburgitic composition (Himmerkus et
al., 2011). Previous geochemical and isotopic studies indi-
cate a within-plate signature consistent with formation in an
intracontinental rift or back-arc environment within a supra-
subduction zone setting (Dixon and Dimitriadis, 1984; Him-
merkus et al., 2005; Bonev et al., 2012). These bodies were
subsequently emplaced between the crustal blocks of the Ver-
tiskos and Kerdilion units during the Hellenic orogeny (Him-
merkus et al., 2005).

Widespread crustal extension in the northern Aegean region
began in the mid-Eocene to mid-Oligocene. Approximately
120 km of extensional displacement and 30° of dextral rota-
tion of the Chalkidiki block was imparted by exhumation of



Au-Cu PORPHYRY & POLYMETALLIC DEPOSITS, KASSANDRA MINING DISTRICT, N. GREECE

Strymon Valley
Detachment
Fault

<

¢ P 4

22" Kavala Pluton
(Symvolon mylonitic

shear zone)
Kerdilion

Detachment

Fault
o North Aegean Sea

mloniki

N\

Fig. 2 lerrisos 40.5°N
Granite

Ouranoupolis
Granite

SERBIA Vardar
Subduction Grigoriou
KOSOVO Zone Granite
BULGARIA
Athos
Peninsula
40°N
GREECE
(@)
23.5°FE 24°F W+ E
Cenozoic Sediments
EXYY Kavala Pluton S
Cenozoic Granites 0 km 50
Vardar - Circum Rhodope Belt Southern Rhodope Core Complex
[ Marbles [ ] Kerdyllia Unit “—"—* Thrust fault; dashed where approx.
I  Melissochori Schists 1 Pangeon Marbles .
B Chortiatis Schist B Pangeon Gneisses == =  Detachment fault; dashed where approx.
ortiatis Schists
—__ . - .
B Mafic-Ultramafic Rocks Serbo-Macedonian Massif = Strike-slip fault, approximate
TVG Complex (Vertiskos Unit) m Polymetallic carbonate-hosted
E== Athos-Volvi Suture Zone Arnea Granite Suite replacement deposit
I Vertiskos Unit R :

] Mafic-Ultramafic Rocks o Au-Cu porphyry deposit
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the southern Rhodope metamorphic core complex (Dimitria-
dis et al., 1998; Brun and Sokoutis, 2007). Extensive magma-
tism and widespread volcanic activity began in the Oligocene
(Fytikas et al., 1984; Pe-Piper and Piper, 2002; Ring et al.,
2010) in response to plate convergence and crustal extension.

District Geology

The Serbo-Macedonian metallogenic province (Jankovié,
1997) spans the length of the Hellenide orogen (Fig. 1).
Porphyry and carbonate-hosted replacement deposits of
the Kassandra mining district are hosted by the high-grade
metamorphic basement rocks of the Kerdilion unit (Brun and
Sokoutis, 2007). The W-dipping Kerdilion detachment fault
crops out to the northwest, at the contact of the Kerdilion
unit with the imbricated schists and gneiss of the Athos-Volvi
suture zone (Fig. 1). This structure is interpreted to have
accommodated exhumation of the southern Rhodope core
complex beginning in the middle Eocene (Brun and Sokoutis,
2007; Wiithrich, 2009; Kydonakis et al., 2014). A ductile shear
zone similar in structural style to the Kerdilion fault occurs
within the Athos-Volvi suture zone on the Athos peninsula
(Himmerkus et al., 2011) southeast of the Kassandra mining
district. This ductile shear zone coalesces with the Kerdilion
fault, forming a continuous tectonic boundary between the
Vertiskos unit to the south and west and the Kerdilion unit to
the east and north (Fig. 1).

Kerdilion unit

The Kerdilion unit is well exposed north of the Stratoni fault
where it consists of migmatitic quartzo-feldspathic biotite
gneiss, megacrystic plagioclase-microcline granitic gneiss,
amphibolite, and marbles. The Stratoni fault is a zone of
WNW-trending, S- to SW-dipping normal faults cropping out
over 12 km from the village of Stratoni and west to Piavitsa
(Fig. 2). The hanging wall of the Stratoni fault to the south
is composed of amphibolite, potentially correlative with the
Thermes-Volvi-Gomati complex of Dixon and Dimitriadis
(1984), and a thick sequence of carbonaceous-biotite gneisses
and schists interlayered with minor calcareous schists and
marble. Kockel et al. (1977) assigned the hanging-wall lith-
ologic sequence to the Vertiskos unit and this classification
was adopted by subsequent studies in the area (e.g., Kalog-
eropoulos et al., 1989b; Frei, 1995). Observations from out-
crop and drill core suggest a gradational contact between
carbonaceous-biotite gneiss and amphibolite hanging-wall
rocks to the south of the Stratoni fault with footwall quartzo-
feldspathic biotite gneiss and marble to the north. Marble and
amphibolite occur on both sides of the fault although mar-
ble is prevalent to the north and amphibolite is dominant to
the south. Furthermore, interlayered calcareous schists and
marble associated with hanging-wall gneisses are not charac-
teristic of the Vertiskos unit and are more closely related to
the Kerdilion unit (Himmerkus et al., 2011). Therefore, it is
proposed that the Kerdilion unit is present on both sides of
the Stratoni fault although there are lithologic changes that
more or less coincide with the fault zone.

Abundant aplite and pegmatite dikes and sills of Eocene
to Oligocene age occur throughout the footwall quartzo-
feldspathic gneiss sequence (Kalogeropoulos et al., 1989b).
Coarse-grained pegmatites and fine- to medium-grained

aplites typically exhibit a discrete penetrative tectonic fabric
or boudinage and are likely derived from anatectic processes
during deformation (Kalogeropoulos et al., 1989b; Haines,
1998). Some of the aplitic dikes appear undeformed, suggest-
ing that anatexis continued postdeformation.

Magmatism

The district has witnessed a protracted magmatic history
from the Late Cretaceous to early Eocene (Pe-Piper and
Piper, 2002). Magmatism during this period is characterized
by subduction-related calc-alkaline granites exposed at Ieris-
sos (Frei, 1992, 1996), Ouranoupolis (De Wet et al., 1989),
and Grigoriou (Bébien et al., 2001), which crop out within
the Athos-Volvi suture zone and Kerdilion unit (Fig. 1; Him-
merkus et al., 2011). These granitic intrusions exhibit a weak
tectonic fabric, suggesting emplacement at the waning stages
of regional Alpine deformation. Crystallization ages range
from 66.8 + 0.8 and 68 + 1 Ma for an unnamed intrusion
outcropping near the Ouranoupolis granite (Himmerkus et
al., 2011) to 53 + 4 Ma for the Ierissos granite (Frei, 1992,
1996). The latter is similar in age to the Sithonia granite to
the south (Christofides et al., 1990). Biotite and muscovite
“OAr/¥Ar cooling ages from the Ouranoupolis granite are 47
+ 0.7 and 44 = 1.1 Ma, respectively (De Wet et al., 1989).
These ages are consistent with the biotite K-Ar cooling age
from the Grigoriou granite of 43 + 1 Ma (Bébien et al., 2001).
Late Oligocene and early Miocene intrusions crop out along a
NE-trending belt within the Kerdilion unit and are discussed
in detail in subsequent sections.

Structure

The Kerdilion unit of the southern Rhodope core complex
displays a regionally consistent flat-lying extensional ductile
fabric with a uniform top-to-the southwest sense of shear and
NE-SW-stretching lineations (Eliopoulos and Kilias, 2011).
The Kerdilion unit within the Kassandra mining district simi-
larly exhibits a penetrative shallow dipping S: foliation defined
by alignment of peak metamorphic minerals (e.g., feldspar
and amphibole). A subsequent or cotectonic high-strain event
resulted in tight to isoclinal Fs folds locally accompanied by
subparallel axial planar Sy cleavage. An ensuing lower strain
deformation event superimposed a spaced and associated
steeply dipping Ss foliation, warping previously developed fab-
rics. This event is associated with kilometer-scale upright and
open E-plunging F3 folds evident as district-scale antiforms
in the footwall of the Stratoni and Gomati faults, respectively
(Fig. 2). Both folds mimic the arcuate contact of the Stratoni
fault and Athos-Volvi suture zone, suggesting a geodynamic
relationship.

Early movement on the Stratoni fault may have included
top-to-the north ductile thrust faulting during compressional
tectonism at lower amphibolite metamorphic conditions
(Haines, 1998). District-scale F3 fold kinematics are consis-
tent with this interpretation. The transition from compres-
sion to extensional tectonics, probably in the early Oligocene,
resulted in SW-dipping mylonitic ductile shear zones super-
imposed on the previous thrust fabrics (Haines, 1998). Sub-
sequent late Oligocene semibrittle deformation consists of
cataclastic textures with development of internal foliation and
pressure solution fabrics which are overprinted by younger
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phases of brittle fault gouge (Siron et al., 2014). Sulfide min-
erals intergrown with and overprinting the tectonic fabric sup-
port synmineral deformation. Steeply dipping NNE-trending
right-lateral strike-slip faults are kinematically compatible
with extension on the Stratoni fault. The Stratoni fault and
the massive sulfide orebody at Madem Lakkos, however, are
displaced by the NE-trending right-lateral strike-slip fault
at Vathilakkos (Fig. 2; Kalogeropoulos et al., 1991; Nebel et
al., 1991; Gilg and Frei, 1994; Haines, 1998), suggesting that
movement on these structures persisted after major move-
ment on the Stratoni fault and formation of replacement ore
bodies. The Stratoni fault was reactivated in the Neogene by
predominately north-south extensional tectonics, which is
presently active in the Aegean region (Pavlides and Tranos,
1991; Jolivet et al., 2013).

Ore Deposit Geology

Ore deposits of the Kassandra mining district belong to the
NW-trending Serbo-Macedonian metallogenic province
within the intrusive belt of the Lece-Chalkidiki metallogenic
zone (Fig. 1; Jankovi¢, 1997; Serafimovski, 2000) that is domi-
nantly associated with Oligo-Miocene magmatism (Hein-
rich and Neubauer, 2002). Historic and producing economic
deposits include the Trep¢a skarn district of eastern Kosovo
(Strmi¢-Palinkas et al., 2013) and the Kiseljak Au-Cu porphyry
and polymetallic Au-Ag-Pb-Zn vein system of the Serbian Lece
magmatic complex (Dragi¢ et al., 2014). Pipe-like Au-Cu por-
phyry deposits occur in the southeastern Republic of Macedo-
nia at the Buchim-Damjan-Borov-Dol district and at Llovica
(Serafimovski, 2010; Barcikowski et al., 2012; Stefanova et al.,
2012). Subeconomic porphyry Cu and skarn prospects also
occur in the Vathi area of northern Greece (Kockel et al., 1975;
Frei, 1992), to the northwest of the economic Au-Cu porphyry
and polymetallic Au-Ag-Pb-Zn-Cu carbonate-replacement
deposits within the Kassandra mining district.

Kassandra ore deposits

Olympias: The Olympias deposit was originally described
by Neubauer (1957) and Nicolaou (1964), with more recent
detailed studies by Kalogeropoulos et al. (1989b) and Kil-
ias et al. (1996). Reevaluation of the deposit-scale geologic
framework has been performed by Eldorado Gold Corpo-
ration through extensive drilling and relogging campaigns.
The carbonate replacement massive sulfide deposit at Olym-
pias is hosted by a sequence of quartzo-feldspathic biotite
gneiss interlayered with graphitic marble and amphibolite,
bounded to the east by a massive body of megacrystic pla-
gioclase-microcline orthogneiss. Contacts between marble
and quartzo-feldspathic biotite gneiss are sharp and conform-
able. The orebody is localized in a structurally complex zone
where marble is deformed by ductile and brittle structures.
The regional S; fabric of the metamorphic sequence in the
deposit area strikes to the northwest and dips steeply north-
east, and is locally reworked by isoclinal Fs folds. A distinct L
lineation formed by the intersection of S; foliation and S axial
planar cleavage is evident within marbles north of the deposit.
The metamorphic sequence is disrupted by the NW-trending
ductile to semibrittle Kassandra fault and the N-trending East
fault (D. Rhys, pers. commun., 2014). Both faults exhibit a
similar geometry with apparent normal relative displacement

of hanging wall down to the northeast. Marbles that are struc-
turally bound by the Kassandra and East faults host massive
sulfide mineralization. A shallow southeast plunge of premin-
eral Fs folds and Ls intersection lineation is coincident with
the plunge of the Olympias orebody, suggesting that preex-
isting structures influenced mineralization. The Olympias
deposit has a defined downplunge extent of 1,500 m to a
depth of approximately 790 m below sea level.

The massive sulfide orebody at Olympias displays a complex
sulfide mineral assemblage varying from galena-sphalerite-
dominant massive sulfide, to pyrite-rich massive sulfide with
traces of arsenopyrite and chalcopyrite. Locally, Zn-Pb-rich
sulfide transitions to Au-rich arsenopyrite-bearing massive sul-
fide, which grades into arsenopyrite- and boulangerite-bear-
ing siliceous breccias. Quartz-rhodochrosite veins containing
variable amounts of arsenopyrite and boulangerite occur,
particularly in the eastern part of the deposit. Sulfide bod-
ies exhibit coarse- and fine-grained massive and banded tex-
tures that cut and replace marble, and are largely discordant
to foliation. Locally, however, sulfide banding is concordant
with foliation and mimics folded marble layers (Kalogeropou-
los et al., 1989b). The latter textures have been interpreted as
indicating a predeformation timing, but replacement textures
cutting foliation are far more common. Well-preserved rod
textures in pyrite, interpreted to be after marcasite, with a
sphalerite-rich matrix (Fig. 3A) are common and are observed
in other carbonate-replacement deposits (e.g., Leadville,
Colorado; Thompson and Arehart, 1990). Sulfide minerals
are largely undeformed with some zones showing variable
degrees of strain (Kalogeropoulos et al., 1989b). Hahn et al.
(2012) constrained the timing of mineralization at Olympias
to the Oligo-Miocene based on an arsenopyrite Re-Os age of
26.1 + 5.3 Ma. This age, along with textural evidence, is con-
sistent with the formation of massive sulfide that postdates
major regional Alpine deformation and is likely related to
Oligo-Miocene metallogenesis.

Madem Lakkos: The geology of the Madem Lakkos ore-
body was originally described by Neubauer (1957) and Nico-
laou (1964, 1969). The most recent detailed studies were
undertaken by Nebel (1989), Nebel et al. (1991), Gilg (1993),
Gilg and Frei (1994), and Haines (1998), and the following
description of the Madem Lakkos area is largely taken from
these studies. The Madem Lakkos carbonate-hosted deposit
occurs in a major strand of Stratoni fault within a complexly
folded and faulted sequence of amphibolite, marble, and
lesser hornblende-bearing quartzo-feldspathic biotite gneiss
and fine-grained to aplitic granite gneiss. Contacts between
units are commonly sheared within the Stratoni fault zone.
The S, foliation strikes west-northwest and dips moderately to
the southwest in the footwall and north-northwest in the hang-
ing wall. Orebodies are hosted in marble, granite gneiss, and
aplite. Mineralization is controlled by faults and hinge zones
of shallow E-plunging parasitic F3 folds. The nearby Stratoni
stock is displaced by the WNW-trending Stratoni fault, and
is variably affected by fault-controlled hydrothermal altera-
tion and base metal sulfide-bearing veins. The NE-trending
right-lateral Vathilakkos fault displaces the Stratoni fault and
mineralized massive sulfide bodies at depth (Haines, 1998).

Two stages of sulfide mineralization are recognized at
Madem Lakkos. Early replacement-style massive sulfide has
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sharp and discordant contacts with host rocks and consists
dominantly of galena and sphalerite with lesser pyrite, sub-
ordinate chalcopyrite, arsenopyrite, tennantite, tetrahedrite,
and rare native gold (Gilg, 1993). Evidence based on defor-
mation textures in sulfide minerals from foliation-parallel
and folded sulfide lenses was used to infer a predeformation
synsedimentary (syngenetic) origin for mineralization (Nebel
et al., 1991). This conclusion has been refuted by Gilg et al.
(1992) based on evidence for replacement textures and cross-
cutting relationships with respect to tectonic fabric. More-
over, stable and radiogenic isotopes and fluid inclusion data
have been used to argue for an epigenetic, postdeformation,
replacement origin (Gilg et al., 1992; Gilg, 1993). Nebel et
al. (1991) and Gilg (1993) described a second overprinting
and volumetrically dominant pyrite-rich disseminated sulfide
event that forms the matrix to breccias, and fills or surrounds
previous base metal-rich massive sulfide mineralization. The
absolute timing of this event is poorly constrained. The sulfide
mineral assemblage consists of coarse-grained sphalerite and
galena, with lesser chalcopyrite, arsenopyrite, tennantite, tet-
rahedrite, boulangerite, and a variety of other sulfosalt min-
erals (Gilg, 1993). Based on K-Ar illite ages, Gilg and Frei
(1994) tentatively proposed a late Oligocene age for hydro-
thermal alteration and mineralization at Madem Lakkos.

East of Madem Lakkos, chalcopyrite-pyrite mineraliza-
tion is associated with calc-silicate Cu skarn near the contact
with the Stratoni stock and associated NE-trending quartz-
feldspar porphyry dikes (Gilg, 1993). A prograde mineral
assemblage consisting of andradite garnet and diopside with
variable anhydrite, epidote, and magnetite is overprinted by
a retrograde hydrous mineral assemblage, including iron-rich
chlorite after garnet and actinolite + chlorite after pyroxene
and epidote (Gilg, 1993). Chalcopyrite is associated with ret-
rograde alteration accompanied by pyrite, calcite, quartz, epi-
dote, and scheelite (Fig. 3B; Gilg, 1993).

Mavres Petres: The marble-hosted deposit at Mavres Petres
occurs 2 km west of Madem Lakkos within the Stratoni fault
zone. The orebody occurs over a strike length ~1 km with
a SSW-plunging depth extent (defined orebody limit) of
about 700 m. The lithologic sequence and S; foliation strikes

Fig. 3. Representative mineralization styles from drill core in the Kassan-
dra mining district: (A) massive sulfide from the Olympias deposit display-
ing bladed pyrite rod textures with sphalerite and galena matrix; (B) skarn
mineralization consisting of pyrite with an intergrown calcite and cale-silicate
mineral assemblage of epidote-wollastonite-tremolite from the easternmost
drilling at the Madem Lakkos deposit; (C) coarse-grained sphalerite-galena-
pyrite massive sulfide with minor calcite gangue from the Mavres Petres
deposit; (D) fine-grained arsenopyrite-rich massive sulfide from the western-
most drilling of the Mavres Petres orebody; (E) coarse-grained pyrite-arseno-
pyrite-sphalerite semimassive sulfide with calcite gangue from Mavres Petres;
(F) massive sulfide breccia from the Piavitsa prospect consisting of pyritic
clasts surrounded and overprinted by galena- and sphalerite-rich sulfide
mineralization; (G-H) Au-rich crustiform chalcedony-quartz-rhodochrosite
vein and vein breccia containing vug-filling and disseminated needle-form
boulangerite from the Piavitsa prospect; (I) typical early quartz-magnetite
veins cut by main-stage quartz-magnetite-biotite-chalcopyrite + bornite veins
within the intramineral porphyry at Skouries. Abbreviations: Apy = arsenopy-
rite, Bt = biotite, Boul = boulangerite, Cal = calcite, Chal = chalcedony, Ccp
= chalcopyrite, Ep = epidote, Ga = galena, Mag = magnetite, Py = pyrite,
Qtz = quartz, Rds = rhodochrosite, Sp = sphalerite, Tr = tremolite, Wo =
wollastonite.
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west-northwest subparallel to the Stratoni fault, and becomes
NW trending to the north in the footwall of the Stratoni fault.
The host lithologies are similar to Madem Lakkos with the
exception of a thick granite gneiss body that occurs interca-
lated with marble in the footwall.

A siliceous Mn oxide gossan forms the surface expression
at Mavres Petres and Piavitsa (Gilg, 1993; Arvanitidis and
Constantinides, 1994). The orebody at Mavres Petres consists
of banded coarse-grained pyrite-sphalerite-galena (Fig. 3C)
with minor accessory stibnite and arsenopyrite overprinted
by arsenopyrite-bearing siliceous breccias. In the western
part of the orebody, the sulfide mineral assemblage becomes
pyrite-sphalerite dominant, although locally includes massive
arsenopyrite intervals (Fig. 3D-E). Boulangerite occurs as an
accessory sulfide mineral interstitial to siliceous breccias, and
within quartz-rhodochrosite veins. The partial to complete
replacement of fault-bounded marble blocks is evident under-
ground and in drill core from Mavres Petres, documenting
the replacement origin of this orebody.

Piavitsa: The Stratoni fault zone loses continuity west of
Mavres Petres and appears to jog southward along the contact
of granite gneiss with graphite-bearing carbonaceous-biotite
schists and marbles (Fig. 2). Drilling at the Piavitsa prospect
intersected discontinuous semimassive to massive sulfide
lenses, which have undergone synmineral brecciation (Fig.
3F), and prominent siliceous-rhodochrosite + rhodonite bod-
ies and veins that partially replace and crosscut the host mar-
ble (Arvanitidis and Constantinides, 1994). Well-preserved,
undeformed Au-bearing rhodochrosite veins display crusti-
form banded textures (Fig. 3G) with clear crystalline to black
chalcedonic silica intergrown with bladed boulangerite, which
also occurs as delicate fibrous mat cavity infillings. Mosaic
breccia textures with angular fragments of rhodochrosite set
in a black chalcedonic silica matrix (Fig. 3H) are interpreted
to have formed by hydrothermal brecciation during the later
stages of the mineralizing event. Vein and breccia textures are
typical of epithermal environments and suggest a relatively
shallow, low-temperature setting for Piavitsa compared to car-
bonate replacement and skarn mineralization to the east.

Skouries: The Skouries Au-Cu porphyry deposit was origi-
nally described by Zachos (1963) with subsequent detailed
studies by Eliopoulos and Economou-Eliopoulos (1991),
Frei (1992, 1995), Tobey et al. (1998), Kroll et al. (2002),
and Hahn et al. (2012). The following descriptions are based
on work by the authors, which are largely in agreement with
observations from previous studies. The Skouries porphyry
exhibits four stages of veining and associated alteration. An
40Ar/9Ar hydrothermal biotite age of 19.9 + 0.9 Ma (Hahn
etal., 2012) is interpreted as the timing of potassic alteration
and mineralization, and is within error of the U-Pb age of
the porphyry (20.56 + 0.48 Ma; Hahn et al., 2012). Stock-
work to sheeted quartz-magnetite and magnetite stringer
veins and disseminated magnetite alteration locally obliter-
ate the earliest porphyry phase. The majority of the Au-Cu
mineralization is interpreted to have been introduced with
an intramineral porphyry phase (see “Igneous Petrography”
section below) that hosts quartz-magnetite-chalcopyrite
veins, and a potassic alteration mineral assemblage con-
sisting of K-feldspar, biotite, and magnetite. A later set of
quartz-biotite-chalcopyrite-bornite + magnetite veins occurs

as sheeted to wispy veins and veinlets in the upper parts of
the deposit. At depth, these veins become thick (up to 3 cm
wide) and sulfide rich, dominated by chalcopyrite + born-
ite with envelopes of coarse-grained biotite aggregates (Fig.
3I). This stage of mineralization locally crosscuts or replaces
magnetite-bearing veins and disseminated magnetite associ-
ated with earlier stages of veining and alteration (D. Rhys,
pers. commun., 2014). Platinum and palladium occur as
telluride minerals contained in chalcopyrite and as grains
within quartz-chalcopyrite + bornite veins associated with
the intramineral porphyry (Eliopoulos et al., 2014; McFall et
al., 2016). Gold occurs as inclusions of native metal or elec-
trum in chalcopyrite (Eliopoulos and Economou-Eliopoulos,
1991) or as gold-silver tellurides (McFall et al., 2016).
Postmineral pyrite-carbonate veins with sericite-carbonate-
clay alteration overprint earlier mineralization within the stock
and adjacent wall rock. An alteration aureole of quartz, calcite,
sericite, and pyrite associated with base metal veins has been
mapped up to 600 m from the intrusive center, consistent
with observations of Tobey et al. (1998). Within 400 m of the
porphyry stock, late-distal sericite-pyrite alteration transitions
into an early stage, and proximal calc-potassic alteration min-
eral assemblage consisting of amphibole-biotite-magnetite
(Tobey et al., 1998; Kroll et al., 2002). Calc-potassic alteration
within the schists is overprinted by K-feldspar associated with
main-stage chalcopyrite-bearing veins and disseminated chal-
copyrite replacing early magnetite. Supergene enrichment is
restricted to a 30- to 40-m-thick zone close to surface consist-
ing of secondary chalcocite and covellite (Tobey et al., 1998).

Igneous Petrology

Previous petrographic studies have been undertaken in the
district. The intrusive stock at Stratoni has been previously
described by Nikolaou (1960), Tompouloglou (1981), and
Kalogeropoulos et al. (1989a, 1990). Frei (1992) further
described the Tsikara, Fisoka, and Stratoni stocks and briefly
discussed the Aspro Lakkos porphyry intrusion. The Skouries
porphyry is described in detail by Frei (1992, 1995), Tobey et
al. (1998), and Kroll et al. (2002). The descriptions presented
here, while building upon previous studies, are based on field
relationships and petrography from 65 thin sections.

Tsikara

The composite monzogabbro-granodiorite intrusion at Tsi-
kara, located south of Stratoni and southeast of Skouries (Fig.
2), is the southernmost and largest postdeformation intrusion
within the district, measuring 4.5 km? in area. The Tsikara
stock intrudes the quartzo-feldspathic biotite gneisses and
schists of the Kerdilion unit and occurs within the S-dipping
limb of a major F3 antiform in the footwall of the Gomati
fault. Isolated satellite intrusions occur to the north of the
main stock and extend south of the Gomati fault within the
tectonic mélange of the Athos-Volvi suture zone (Himmerkus
et al., 2011). Igneous contacts are sharp, discordant to folia-
tion, and are locally associated with breccias on the western
and southwestern margins of the stock. A magnetite-bearing
hornfels aureole is variably developed in the metamorphic
wall rock. The main stock contains locally abundant subangu-
lar xenoliths of gneiss and schist, and less abundant cognate
igneous clasts (Fig. 4A).
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The main stock consists of fine-grained equigranular mon-
zogabbro to monzodiorite and diorite phases, crosscut by a
granodioritic microporphyritic phase in the west-central and
eastern parts of the Tsikara intrusive complex. The mafic
phases have sharp but irregular contacts with the wall rock.
The mineralogy of the mafic phases consists of equigranular
plagioclase, clinopyroxene, biotite with subordinate micro-
cline, quartz and accessory zircon, apatite, magnetite and
ilmenite, and minor pyrite in the groundmass. Chlorite and
rare epidote partially replace biotite and clinopyroxene, and
plagioclase is selectively replaced by sericite. The crosscutting
microporphyry phase (Fig. 4B) contains relict blocky feldspar
phenocrysts, which are completely replaced by sericite and
set within a fine-grained quartz-sericite-altered groundmass.
Unidirectional solidification textures and miarolitic cavities
are present within this unit.

Fisoka

The Fisoka stock belongs to a cluster of igneous intrusions
that crop out in the hanging wall of the Stratoni fault, north-
east of Tsikara and southwest of Stratoni (Fig. 2; Kockel et al.,
1975; Tompouloglou, 1981). Each intrusive body is less than
0.2 km? in surface area, but the individual pipe-like intrusions
may connect at depth. The Fisoka stock is poorly exposed
and strongly weathered at surface with limited drilling (seven
holes) extending below the weathered zone. The Fisoka intru-
sions are hosted within variably carbonaceous quartz-biotite
gneiss of the Kerdilion unit and interlayered amphibolite.
Igneous contacts are largely discordant to metamorphic folia-
tion. Porphyritic phases contain miarolitic cavities similar to
those observed in the microporphyritic phase at Tsikara.

Porphyritic stocks and dikes commonly have clast-supported
brecciated contacts with wall rock. Breccias are composed of
angular gneiss clasts with increasing porphyry clast content
adjacent to the coherent porphyry body, and limited matrix
consisting of quartz-sericite and pyrite (largely replaced by
goethite at surface). Widespread quartz-sericite-pyrite altera-
tion is developed within the metamorphic wall rock, associ-
ated with stockwork to sheeted quartz-pyrite veins. Historic
drilling for supergene Cu mineralization intersected perva-
sively bleached porphyry with minor vein and disseminated
chalcopyrite and localized secondary chalcocite enrichment at
the base of the weathered zone (Kockel et al., 1975).

A swarm of quartz-plagioclase feldspar porphyry dikes

exposed between the Fisoka and Stratoni stocks intrude

Fig. 4. Representative surface and drill core examples of Oligo-Miocene
intrusive rocks from the Kassandra mining district: (A) monzodiorite at Tsi-
kara with xenoliths of metamorphic wallrock and cognate diorite clast, pencil
for scale; (B) microporphyritic granodiorite from Tsikara; (C-D) typical late
Oligocene granodiorite and monzodiorite from drill core at Fisoka, respec-
tively; (E) Skouries premineral quartz-monzonite porphyry with character-
istic dense network of quartz-magnetite veins; (F) intramineral megacrystic
K-feldspar quartz-monzonite porphyry at Skouries displaying strong potassic
alteration; (G) late mineral quartz-monzonite porphyry crosscutting folded
and amphibole-magnetite-altered gneiss; (H) altered example of the glome-
rophyric porphyry dike from the Madem Lakkos deposit; (I) black-matrix
porphyry dike from the Vathilakkos fault stained with Na-cobaltinitrite to
highlight K-feldspar (left) and unstained (right). Abbreviations: Amp =
amphibole, Bt = biotite, Kfs = K-feldspar, Mag = magnetite, P1 = plagioclase,
Qtz = quartz.
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amphibolite in the hanging wall of the Stratoni fault. Contacts
are commonly highly brecciated and consist of polymict clast-
supported angular blocks of extremely altered metamorphic
wall rock (amphibolite with lesser granitic gneiss) and por-
phyry in an altered matrix. The spatial association of breccias
with dikes and extensive alteration suggest a magmatic-hydro-
thermal or possibly phreatomagmatic origin for the breccias.

The individual Fisoka intrusions are composed of fine- to
medium-grained equigranular diorite and granodiorite (Fig.
4C-D) with porphyritic phases to the north. The phenocryst
mineralogy consists of K-feldspar, plagioclase, biotite, and
clinopyroxene with accessory apatite, titanite, zircon, mag-
netite, and minor pyrite and subordinate chalcopyrite. Por-
phyry intrusions are dominated by a crowded interlocking
texture consisting of plagioclase + K-feldspar phenocrysts in
a quartz-feldspar-rich groundmass. Chlorite, epidote, titanite,
and calcite commonly replace primary biotite and clinopyrox-
ene. Drill core from the Fisoka area reveals an alteration min-
eral assemblage consisting of sparse to abundant magnetite
stringer veinlets associated with aggregates of magnetite and
biotite and patchy K-feldspar. The mineralogy and textures
are consistent with selective potassic alteration related to a
poorly developed porphyry system with minor disseminated
chalcopyrite mineralization.

Granodioritic quartz-eye plagioclase feldspar porphyry
dikes north of Fisoka are fine grained and consist of plagio-
clase phenocrysts and rounded quartz phenocrysts display-
ing resorbed textures. Hydrothermal alteration has resulted
in partial replacement of plagioclase phenocrysts and the
groundmass by quartz-sericite-pyrite. Clay alteration in sur-
face outcrops may reflect weathering.

Stratoni

The Stratoni stock is a NE-elongated intrusion located north
of the village of Stratoni at the eastern end of the Stratoni
fault (Fig. 2). The stock has an exposed outcrop area of 1.5
km? consisting primarily of granodiorite, with a minor por-
phyritic phase exposed at the topographically highest part of
the stock in the Aspro Chomata prospect area (Gilg and Frei,
1994). The Stratoni stock is hosted by a sequence of quartzo-
feldspathic biotite gneisses, amphibolites, and marbles of the
Kerdilion unit on the S-dipping limb of a major Fs antiform
within the footwall of the Stratoni fault (Fig. 2). Intrusive
contacts are sharp and discordant to metamorphic foliation.
Narrow zones of calc-silicate exoskarn locally occur on the
western contact of the intrusion within the gneisses. Quartz-
sericite-pyrite alteration with pyrite and galena veins occur
in the southern half of the stock in proximity to the Stratoni
fault. The porphyritic phase of the Stratoni stock exposed at
the Aspro Chomata prospect exhibits intense clay-rich altera-
tion related to a dense orthogonal network of quartz-pyrite +
galena veins. Minor secondary malachite staining is present
locally on weathered surfaces.

The Stratoni stock is a fine- to medium-grained, equigran-
ular to weakly porphyritic granodiorite with minor diorite
phases. Phenocrysts consist of K-feldspar, plagioclase, biotite,
and lesser clinopyroxene in a quartz-feldspar groundmass,
with accessory apatite, titanite, zircon, magnetite, minor
pyrite, and rare chalcopyrite. A pale green color is imparted
by chlorite, epidote, titanite, and calcite alteration of primary

clinopyroxene and biotite. Feldspars are variably replaced by
sericite.

Skouries

The Skouries Au-Cu porphyry, located 8§ km south of the Stra-
toni fault and approximately 1 km to the north of the Gomati
fault, is hosted in quartzo-feldspathic biotite gneisses and
schists interpreted to be part of the Kerdilion unit. The stock
is a pencil-shaped intrusion consisting of multiple quartz
monzonite porphyry phases that intrude the S-dipping axis of
a regional F3 antiform (Fig. 2). Outcrop and drill holes define
a 200-m-diameter steeply S-plunging intrusive body exceed-
ing 900 m in depth, with porphyry dikes radiating outward
from the intrusive center. Intrusive contacts are sharp and dis-
cordant to metamorphic foliation and are locally brecciated.
Polymict breccias occur in association with syn- to late min-
eral intrusive phases. These breccias contain altered angular
fragments of wall rock and porphyry clasts in a fine-grained
dark-gray fragmented matrix, possibly suggesting a magmatic-
hydrothermal or phreatic origins.

This study has identified at least four porphyritic intrusive
phases at Skouries. The interpreted timing and classification
of the intrusive units differ slightly from that proposed by
Kroll et al. (2002). The earliest phase, defined by crosscutting
relationships, is a dark-gray feldspar porphyry, which hosts an
early set of densely sheeted and stockwork quartz-magnetite
veins that partially destroy the original igneous textures (Fig.
4E). K-feldspar and plagioclase phenocrysts are set in a fine-
grained matrix of K-feldspar, quartz, and primary biotite with
accessory titanite and zircon. Phenocrysts and groundmass
are extensively overprinted by secondary quartz with abun-
dant disseminated fine-grained magnetite + biotite.

Au-Cu mineralization is spatially and temporally related
to an “intramineral” K-feldspar porphyry corresponding to
the pink or main porphyry phase of Kroll et al. (2002). This
intrusive phase exhibits a distinct pink coloration imparted
by pervasive K-feldspar alteration. The phenocryst mineral
assemblage consists of plagioclase and megacrystic K-feldspar
with grains reaching up to 3 cm in length (Fig. 4F). Phe-
nocrysts are set in a groundmass dominated by K-feldspar,
quartz, amphibole, and accessory titanite and zircon. A finer
grained variety of dark-pinkish-gray porphyry crosscuts the
earlier intramineral porphyry defined here and may correlate
to the intramineral phase of Kroll et al. (2002). This intrusive
phase contains K-feldspar and plagioclase phenocrysts with
fine-grained disseminated biotite in a K-feldspar-quartz-dom-
inated groundmass, with apatite microphenocrysts, titanite,
and zircon occurring as accessory minerals. Both porphyry
phases are altered by secondary K-feldspar, quartz, fine-
grained biotite, and magnetite with associated disseminated
chalcopyrite and bornite.

A final postmineral porphyry phase (Fig. 4G) crosscuts all
earlier intrusive phases and associated alteration and min-
eralized vein sets. The primary mineralogy of this phase is
similar to the intramineral porphyry, but veining, potassic
alteration, and mineralization are weak to absent. Megacrystic
K-feldspar and plagioclase phenocrysts occur in a fine-grained
groundmass of K-feldspar, plagioclase, and quartz with acces-
sory titanite, apatite, and magnetite. Pyrite is the dominant
sulfide with trace chalcopyrite. Feldspar phenocrysts and
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groundmass are commonly clouded, with a pale-green color
imparted by weak but pervasive quartz-sericite-carbonate-
pyrite alteration.

Aspro Lakkos

A megacrystic K-feldspar porphyry intrusion crops out at
Aspro Lakkos approximately 1 km northeast of Skouries.
Aspro Lakkos is a sill-like body that intrudes the northeast
limb of a major Fs antiform subparallel to foliation (Fig. 2).
Discordant contacts are generally brecciated containing a
polymictic suite of angular to subangular clasts of sericite-
altered schist and porphyry fragments in a fine-grained
sericite-altered igneous matrix, suggesting a possible mag-
matic-hydrothermal origin. Rare and discrete clast-sup-
ported breccia dikes crosscut the Aspro Lakkos body. These
breccias are composed of angular to rounded wall-rock frag-
ments and porphyry clasts, some of which exhibit irregular
shapes, contained in a fine-grained milled schistose matrix,
suggesting phreatic brecciation. A weak pervasive sericite
overprint with localized zones of strong quartz-sericite-
pyrite alteration are common. Porphyry dikes of similar tex-
ture and composition are observed splaying from the main
body in a northwest-southeast direction along foliation. A
late set of fine-grained black-matrix porphyry dikes crosscut
the main megacrystic porphyry body in a northwest orienta-
tion, also parallel to the regional structural fabric.

The main Aspro Lakkos porphyry is texturally similar to
the late porphyry phase at Skouries, with prismatic plagio-
clase and megacrystic K-feldspar phenocrysts (upward of
3 c¢m in length) occurring with fine-grained euhedral biotite
books, quartz, and lesser apatite microphenocrysts. K-feld-
spar and quartz comprise the groundmass with accessory zir-
con, magnetite, and subordinate pyrite. Quartz phenocrysts
are generally subrounded, and occasionally display irregular
embayment textures. Some quartz and carbonate grains dis-
play undulose textures, suggesting a possible metamorphic
xenocrystic origin. Secondary carbonate, sericite, and pyrite
variably replace feldspars, biotite, and groundmass.

Black-matrix porphyry dikes

Porphyritic dikes displaying prominent trachytic (or micro-
litic) texture were originally described as andesitic dacites by
Neubauer (1957) and reclassified as lamprophyres by Nico-
laou (1960) and Kalogeropoulos et al. (1991). Nebel et al.
(1991) described andesite and rhyodacite dikes with resorbed
quartz phenocrysts at Madem Lakkos. This study docu-
ments two sets of porphyritic dikes defined by the presence
or absence of a distinct glomero porphyritic (glomerophyric)
texture.

Glomerophyric dikes: Glomerophyric dikes crop out within
the Stratoni fault corridor, intercepted in drill core at Piavitsa,
and are present underground at Madem Lakkos (Nebel et
al., 1991; Haines, 1998) and Olympias (Kalogeropoulos et al.,
1989b). They typically range from 1 to 2 m in width, trend
north-northeast, and have sharp contacts that are discordant
to metamorphic foliation. Contacts are commonly unbrecci-
ated. Dikes display variable degrees of quartz-sericite-carbon-
ate-pyrite alteration or can be unaltered. These dikes contain
aggregates of quartz and less commonly K-feldspar pheno-
crysts (Fig. 4H). Abundant needle-shape phlogopitic biotite

defines a flow-banded texture. Accessory euhedral apatite
microphenocrysts are common. Unaltered groundmass is typ-
ically dark gray, consisting of fine-grained quartz and K-feld-
spar. Quartz phenocrysts are typically rounded, commonly
showing corroded, resorbed rims or embayment textures
enveloped by fine-grained secondary sericite-carbonate-clay
alteration. Chlorite replaces biotite, and sericite-carbonate
partially replace the groundmass and feldspar phenocrysts.
Most dikes contain disseminated magnetite and trace pyrite,
and pyrite content increases systematically with the intensity
of quartz-sericite-carbonate alteration. While these biotite-
quartz-feldspar porphyry dikes have been previously classified
as calc-alkaline lamprophyre minettes by Kalogeropoulos et
al. (1991), their felsic phenocryst mineralogy precludes the
lamprophyre classification (e.g., Rock, 1991).

Nonglomerophyric dikes: Black-matrix porphyry dikes in
the Aspro Lakkos area contain fine-grained K-feldspar and
plagioclase phenocrysts, euhedral biotite books, and accessory
apatite microphenocrysts in a dark, near-aphanitic K-feld-
spar-rich groundmass. Inclusions of rounded to irregularly
shaped fragments of highly strained quartz and carbonate
are common, probably representing deformed metamorphic
wall-rock fragments. Disseminated magnetite occurs in the
groundmass along with fine-grained pyrite associated with
weak pervasive sericite-carbonate alteration. A black-matrix
porphyry dike intrudes the Vathilakkos fault (Fig. 4I) near
Madem Lakkos (Fig. 2). A prominent flow texture is defined
by the alignment of evenly distributed and abundant horn-
blende and biotite phenocrysts with lesser K-feldspar, pla-
gioclase, quartz, and sparse clinopyroxene in a fine-grained
dark-gray K-feldspar-rich groundmass. Rare and widely dis-
persed K-feldspar megacrysts are evident. Accessory miner-
als include apatite microphenocrysts, zircon, and titanite.
Disseminated magnetite and rare chalcopyrite occur in the
groundmass. Minor sericite-carbonate-clay alteration pref-
erentially replaces clinopyroxene and the rims of plagioclase
and K-feldspar phenocrysts.

Zircon U-Pb Geochronology

Previously published geochronology within the district was
based on the K-Ar dating (Papadakis, 1971; Burgarth et al.,
1980; Tompouloglou, 1981) with limited zircon U-Pb data col-
lected from the Tsikara composite stock, Stratoni stock, and
Skouries porphyry (Frei, 1992; Gilg and Frei, 1994; Hahn et
al., 2012). Here we present 13 new zircon U-Pb ages of igne-
ous intrusions from the Kassandra mining district. The data
are consistent with major magmatic events in the late Oli-
gocene and early Miocene as suggested by previous authors
(Fig. 5).

Methods

Samples were collected in the field from least altered and
weakly weathered surface outcrops. Analyses were conducted
at the Pacific Center for Isotopic and Geochemical Research
(PCIGR) at the University of British Columbia in Vancouver,
Canada. Sample preparation and U-Pb analytical methods
are adapted from Tafti et al. (2009). Samples were pulverized
using a conventional crushing and grinding circuit. Zircon
separation was performed using a Wilfley gravity separation
table, heavyliquid, and Frantz magnetic-separator techniques.
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Fig. 5. Geochronology compilation of Oligo-Miocene intrusive rocks from the Kassandra mining district sourced from previ-

ously published work and this study. Uncertainties for U-Pb,

Zircons greater than about 50 um in diameter were hand-
picked from the mineral separates and were mounted in a
thermal-setting epoxy puck beside several grains of the 337.13
+ 0.13 Ma Plesovice zircon standard (Slama et al., 2008) and
the 416.78 + 0.33 Ma Temora-2 reference zircon (Black et
al., 2004). The zircon-embedded epoxy puck was brought to

“Ar/¥Ar, Re-Os, and K-Ar dates are reported at the 20 level.

a high polish and the surface washed for 10 min with dilute
nitric acid and rinsed in ultraclean water prior to analysis. Por-
tions of the grains of the highest quality (e.g., little evidence
for alteration, inclusions, or possible inherited cores) were
selected for analysis. Each grain was imaged using cathodolu-
minescence to help guide analysis.
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A laser ablation inductively coupled plasma mass spectrom-
eter (LA-ICP-MS) was employed for U-Pb zircon analysis.
Samples were mounted into a New Wave UP-213 laser abla-
tion cell coupled with a Thermo Finnigan Element2 single
collector, double-focusing, magnetic sector ICP-MS. A laser
spot diameter of 30 um was used at 42% power. Line scans
rather than spot analyses were employed to minimize elemen-
tal fractionation during the analyses. Background data were
measured with the laser shutter closed for 10 s, followed by
data collection with the laser firing for approximately 35 s.
The time-integrated signals were analyzed using Iolite soft-
ware (Paton et al., 2011), which automatically subtracts back-
ground measurements, propagates all analytical errors, and
calculates isotopic ratios and dates. Corrections for mass and
elemental fractionation were made by bracketing analyses of
unknown grains with replicate analyses of the PleSovice zir-
con standard. Final interpretation and plotting of the analyti-
cal results employed the ISOPLOT v. 3.09 geochronological
software of Ludwig (2003).

Tsikara composite stock

Three different intrusive phases compose the Tsikara com-
posite stock and are interpreted, on the basis of geologic map-
ping and geochemistry, to be part of the same intrusive event.
Three samples were collected from each phase to test this
hypothesis.

Sample 593870: Eighteen zircon grains were analyzed from
an unaltered dark clinopyroxene-bearing diorite from the
northern half of the composite stock. All analyses fall on or
near Concordia with one grain giving a slightly younger age
interpreted to be the result of postcrystallization Pb loss (Fig.
6A). The remaining 17 analyses yielded a calculated weighted
average 206Pb/23U age of 27.00 = 0.19 Ma (Fig. 6B; mean
squared of weighed deviates [MSWD] = 1.4; probability of fit
= 0.14). We interpret this age to reflect the crystallization age
of the main phase in the Tsikara stock.

Sample 593871: Twenty zircons were analyzed from a
sericite-altered and weakly porphyritic granodiorite that
intrudes the clinopyroxene-bearing diorite. Four grains gave
significantly older 206Pb/235U ages and are interpreted to be
basement-derived xenocrysts. A 602 Ma age marks the old-
est zircon recognized in this survey and may be derived from
Neoproterozoic basement. Two xenocryst grains yielding
206Ph/235U ages of 340 and 250 Ma are consistent with the age
of the underlying Permo-Carboniferous Kerdilion unit and
Triassic rift-related granites (e.g., Arnea granite), respectively.
One zircon grain gave a 206Pb/238U age of 39.5 Ma, interpreted
as a xenocryst possibly corresponding to the regional pegma-
tite event within the Kerdilion unit (Kalogeropoulos et al.,
1989b). The remaining 16 zircon grains cluster on Concordia
with a weighted average 206Pb/235U age of 26.65 + 0.31 Ma
(Fig. 6C-D; MSWD = 1.3; probability of fit = 0.20). This date
is interpreted as the crystallization age of a younger fraction-
ated phase of the Tsikara stock.

Sample 593882: Seventeen zircons were analyzed from an
unaltered salt-and-pepper-textured diorite phase intruding
the clinopyroxene-bearing stock. All analyses plot on or near
Concordia yielding a weighted average 206Pb/233U age of 26.92
+ 0.20 Ma (Fig. 6E-F; MSWD = 1.7; probability of fit = 0.047).
This date corroborates the other ages and is interpreted as

the crystallization age of an intermediate composition phase
within the composite stock.

Fisoka stock

The Fisoka intrusive cluster is largely granodiorite in compo-
sition with porphyritic phases evident to the northeast near
Stratoni. On the basis of petrology (see “Petrochemistry” sec-
tion below), the Fisoka stock is similar to the Tsikara com-
posite stock to the southwest and the Stratoni stock to the
northeast. One surface sample was collected from a porphy-
ritic body in the Fisoka area to test this hypothesis.

Sample 279446: Twenty zircons were analyzed from a ser-
icite-altered crowded feldspar porphyry intrusion, coincident
with an area of minor supergene Cu mineralization (Kockel et
al., 1975). All zircon grains analyzed cluster on or near Con-
cordia resulting in a weighted average 206Pb/238U age of 24.47
+ 0.14 Ma (Fig. 6G-H; MSWD = 0.82; probability of fit =
0.69). This age is interpreted as the crystallization age of the
porphyry phase of the Fisoka intrusive cluster.

Stratoni stock

Gilg and Frei (1994) published zircon U-Pb ages of 27.1 + 1.1
and 26.9 + 2.0 Ma for the Stratoni stock, and 27.9 + 1.2 Ma for
the porphyritic phase at Aspro Chomata (Fig. 5). Low preci-
sion and large errors are attributed to a low 206Pb/204Pb ratio
that necessitated a common lead correction at 30 Ma (Frei,
1992). Thus, reevaluation of these dates using modern tech-
niques was warranted. This study analyzed two representative
samples collected from the equigranular plutonic stock, and
the internal porphyritic phase from the Aspro Chomata pros-
pect area, respectively.

Sample 679714: Twenty zircon grains were analyzed from
a weakly porphyritic phase of quartz-feldspar granodiorite
exposed at Aspro Chomata (Fig. 2). The prospect is asso-
ciated with minor disseminated copper mineralization and
poorly developed porphyry-style veins, overprinted by
sheeted base metal sulfide-bearing quartz veins and associ-
ated intense bleaching and clay alteration. All analyses fall
on Concordia; however, the data show considerable scatter
ranging from 23.83 to 26.63 Ma (Fig. 7A). A subset of the 11
youngest grains yielded a weighted average 206Pb/23U age
of 24.53 + 0.31 Ma (Fig. 7TA-B; MSWD = 2.0; probability
of fit = 0.03). A subset of the 12 oldest grains resulted in a
weighted average 206Pb/28U age of 25.78 = 0.31 Ma (Fig.
7TA-B; MSWD = 1.9; probability of fit = 0.04). We interpret
these data to represent two stages of magmatism: the older
zircons are likely antecrysts recording crystallization of the
progenitor granodiorite, whereas the slightly younger zir-
cons may reflect crystallization of the more differentiated
porphyritic phase.

Sample 593580: Twenty zircon analyses were performed
on the topographically lowest exposed portion of nonporphy-
ritic equigranular quartz-feldspar granodiorite. Nearly all the
zircon grains fall on Concordia with minor scatter, yielding
a weighted average 206Pb/23U age of 25.36 + 0.15 Ma (Fig.
7C-D; MSWD = 1.4; probability of fit = 0.10). This age is
interpreted as the crystallization age of the Stratoni granodio-
rite and is the same age within error as the interpreted older
age from Aspro Chomata. The age of the Stratoni granodio-
rite also places an upper age limit on synmineral, semibrittle
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deformation and associated hydrothermal alteration related to
the Stratoni fault.

Stratoni quartz-feldspar porphyry dikes

Granodioritic quartz-feldspar porphyry dikes in the Stratoni
area are similar in texture and geochemistry to the porphyry
intrusions at Fisoka. Two samples were collected east of the
Madem Lakkos orebody near the contact with the Stratoni
stock: one from a brecciated porphyritic body, and a sec-
ond from a quartz-feldspar porphyry dike that crosscuts the
breccia.

Sample 679715: Twenty zircons were analyzed from the
brecciated and quartz-sericite-pyrite-altered quartz-eye feld-
spar porphyry. One grain resulted a 206Pb/235U age of 153.7 Ma
interpreted as a xenocryst likely derived from a Late Jurassic
to Early Cretaceous intrusive event that affected the Rhodope
basement (Turpaud and Reischmann, 2003; Himmerkus et
al., 2011). A second grain yielded a 206Pb/238U age of 32.7 Ma
which lies outside the expected error and was rejected. The
remaining 18 grains plot very near Concordia and have a
weighted average 206Pb/238U age of 25.71 + 0.37 Ma (Fig.
TE-F; MSWD = 0.87; probability of fit = 0.61). This age is
interpreted to be the crystallization age of the dike.

Sample 679716: Twenty zircons were analyzed from an
altered quartz-eye feldspar porphyry dike cutting the brec-
ciated porphyry previously described. Two older populations
of zircons were identified with four grains yielding a range
of 206Pb/238U ages from 171.0 to 150.8 Ma. These zircons
appear to be xenocrystic possibly representing basement of
uncertain affinity. Four younger grains resulted in a range
of 206Ph/238U ages from 49.3 to 41.8 Ma and are interpreted
as xenocrysts corresponding to the Late Cretaceous to early
Eocene intrusive event (De Wet et al., 1989; Frei, 1996;
Bébien et al., 2001). The remaining 12 grains plot on or
near Concordia with minor scatter (Fig. 7G) possibly due
to minor Pb loss as indicated by the elevated MSWD (2.3)
and low probability of fit (0.01), and a relatively imprecise
weighted average 206Pb/235U age of 25.45 + 0.75 Ma (Fig.
TH). This date is within error of the older brecciated por-
phyry, suggesting multiple intrusive episodes and breccia-
tion associated with this magmatic event.

Skouries

A previously published LA-ICP-MS single grain zircon U-Pb
age of 20.56 + 0.48 Ma from the Skouries stock (Hahn et al.,
2012) probably represents the crystallization age of the syn-
mineral porphyry phase. One sample was collected from a
distal porphyry dike and, on the basis of petrology, appears
to be similar to the late- to postmineral porphyry intrusive
phases at Skouries. This sample is intended to test the timing
relationship of the dike with the published crystallization age
at Skouries.

Sample 593567: Twenty zircons were analyzed from a
quartz-sericite-pyrite-altered megacrystic K-feldspar por-
phyry dike located 0.5 km south of the mineralized stock. One
grain gave an older 206Pb/23U age of 44.7 Ma and is inter-
preted to be a xenocryst associated with the Late Cretaceous
to early Eocene intrusive event (De Wet et al., 1989; Frei,
1996; Bébien et al., 2001). Two grains give older results that lie
outside the expected error and were rejected. The remaining

17 zircon grains plot on or near Concordia (Fig. 8A), but with
significant scatter as indicated by the high MSWD (3.5) and
low probability of fit (0.0). The weighted average 206Pb/?38U
age is 19.59 + 0.17 Ma (Fig. 8B), but given the scatter in the
data the interpreted crystallization age for the porphyry dike
is tentative. Nevertheless, the age is likely coeval with other
similar dikes emanating from the Skouries stock and the post-
mineral megacrystic K-feldspar porphyry observed within
drill core at Skouries.

Aspro Lakkos

Geologic mapping identified black-matrix porphyry dikes that
crosscut the megacrystic K-feldspar porphyry of Aspro Lak-
kos. One sample was analyzed from the megacrystic porphyry
and one from a crosscutting dike to constrain their absolute
age of emplacement and to compare these results to compo-
sitionally similar phases at Skouries and Vathilakkos. No pub-
lished U-Pb data exist from Aspro Lakkos.

Sample 593587: Twenty zircon grains were analyzed from
the weakly sericite-pyrite-altered megacrystic K-feldspar
porphyry at Aspro Lakkos. All 20 grains resulted in over-
lapping concordant analyses yielding a weighted average
206 Ph/2381J age of 19.71 + 0.10 Ma (Fig. 8C-D; MSWD =
1.6; probability of fit = 0.059). This age is interpreted as the
crystallization age of the Aspro Lakkos porphyry intrusion,
approximately coeval with the emplacement of the late por-
phyry phase at Skouries.

Sample 593586: Twenty zircon grains were analyzed from
a barren black-matrix K-feldspar porphyry dike crosscutting
the main Aspro Lakkos porphyry body. Three grains were
rejected on the basis of large analytical errors and skewness.
The remaining 17 grains plot on or near Concordia with minor
scatter (Fig. SE). The weighted average yielded a 206Pb/23%U
age of 19.58 + 0.14 Ma (Fig. 8F; MSWD = 1.9; probability of
fit = 0.016) and is interpreted to be the crystallization age of
this late-stage dike which is effectively coeval with the por-
phyry. The age of the dike may represent the age of other
texturally similar dikes in the district.

Piavitsa

A series of NNE-trending glomerophyric porphyry dikes crop
out within the Stratoni fault zone in the Piavitsa area approxi-
mately 5 km north of Aspro Lakkos (Fig. 2). A surface sample
was collected from an unmineralized dike that crosscuts the
siliceous-rhodochrosite + rhodonite body hosted within the
Stratoni fault. No known U-Pb data exist for these dikes.

Sample 279433: Twenty zircon grains were analyzed from
a sericite-pyrite-altered glomerophyric quartz porphyry dike.
Six grains returned two older populations: 51.60 to 42.32
Ma, and 26.99 to 24.15 Ma. These zircons are interpreted as
xenocrysts consistent with ages from the Late Cretaceous to
early Eocene (De Wet et al., 1989; Frei, 1996; Bébien et al.,
2001) and late Oligocene intrusive events, respectively. The 14
remaining analyses plot on or near Concordia with a weighted
average 206Pb/235U age of 20.62 = 0.13 Ma (Fig. 8G-H; MSWD
= 0.95; probability of fit = 0.50), interpreted as the crystalli-
zation age of the dike. This age suggests that glomerophyric
porphyry dikes that occur in the area are similar in age to the
Skouries porphyry (within 1 m.y.). The crosscutting relation-
ship of this early Miocene dike with the siliceous-rhodochrosite
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Fig. 8. Zircon U-Pb Concordia and weighted average 206Ph/235U age plots of early Miocene intrusive rocks at Skouries (A-B),
Aspro Lakkos (C-F), and the glomerophyric porphyry dike at the Piavitsa prospect (G-H). Data point errors are reported at
the 20 level. Red ellipses correspond to rejected analyses.
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+ rhodonite carbonate replacement body provides a younger
age limit for mineralization at Piavitsa.

Vathilakkos

A black-matrix porphyry dike occurs within the Vathilakkos
fault (Fig. 2), both of which crosscut the massive sulfide ore-
body at the Madem Lakkos deposit. This dike has been dated
previously at 19.1 + 0.6 by the K-Ar method (Gilg and Frei,
1994).

Sample 679705: Seventeen zircon grains were analyzed
from the unaltered K-feldspar-hornblende-biotite porphyry
dike. Ten zircon grains returned significantly older ages with a
population of eight grains that range from 183.3 to 250.8 Ma.
These zircons are interpreted as xenocrysts possibly reflecting
Triassic to Jurassic age basement. One zircon grain plots at
51.3 Ma (Fig. 9A) and is interpreted to be a xenocryst con-
sistent with the age of the Ierissos granite (Frei, 1996). One
zircon grain lies skewed from the main age cluster at 22.4 Ma
and was rejected on this basis. Seven of the remaining zir-
con grains plot on or near Concordia with a weighted average
206Ph/238U age of 19.21 + 0.19 Ma (Fig. 9A-B; MSWD = 1.2;
probability of fit = 0.28), interpreted as the crystallization age
of the Vathilakkos porphyry dike. This provides a younger age
limit on mineralization at Madem Lakkos as previously recog-
nized by Gilg and Frei (1994).

Summary

Two intrusive suites have been defined by the new geochro-
nological results, supporting previous geochronology in the
region (Frei, 1992). The composite stock at Tsikara and the
Fisoka and Stratoni stocks define a late Oligocene igneous
suite emplaced in the Kerdilion unit from 27 to 24.5 Ma. The
porphyry stocks and dikes at Skouries and Aspro Lakkos, as
well as the porphyritic dikes at Piavitsa and Vathilakkos define
an early Miocene igneous suite restricted to a period from
20.5 and 19.2 Ma.

Petrochemistry
Methods

Eighty-five representative samples of Oligo-Miocene intru-
sive rocks were collected from surface and drill core for
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whole-rock geochemistry. Least altered samples were col-
lected where possible; however, some show incipient altera-
tion and weathering that may influence major element
chemistry. Whole-rock geochemical analyses were com-
pleted at Acme Labs in Vancouver, British Columbia. Major
and minor element analyses were determined by inductively
coupled plasma mass spectroscopy (ICP-MS) and inductively
coupled plasma optical emission spectroscopy (ICP-OES)
after lithium metaborate and tetraborate fusion. Carbon and
sulfur were determined by Leco methods and ferrous iron
was measured by titration. Analytical accuracy and precision
determined from internationally certified reference standards
and duplicates, respectively, are within 5 relative percent for
major oxides and within 10 relative percent for most minor
and trace elements (calculation methods after Piercey, 2014).

Major and trace element geochemistry

Late Oligocene magmatism: Data plotted on the total alkali
versus silica diagram (Fig. 10A) show a broad distribution of
compositions ranging from monzogabbro to monzonite for
the main stock at Tsikara, with subordinate monzodiorite to
gabbrodiorite phases in the central stock at Fisoka. More
evolved compositions range from diorite to granodiorite in the
Stratoni and Fisoka stocks, including a granodiorite micro-
porphyry phase crosscutting the mafic stock at Tsikara. The
data show a negative sloping trend in the granodiorite field
interpreted to reflect incipient alteration and weathering of
surface samples predominately from the Tsikara micropor-
phyry and porphyry dikes at Fisoka. The suite is subalkaline
as defined by the classification of Irvine and Baragar (1971)
and falls in the high K calc-alkaline magma series (Fig. 10C).
Petrographic evidence suggests that sericitic alteration in
some samples correlates with elevated KO concentrations in
the granodiorite porphyry at Tsikara as well as porphyry dikes
north of Fisoka, resulting in apparent shoshonitic composi-
tions (Fig. 10C).

The late Oligocene igneous rocks are relatively enriched in
light rare earth elements (LREE) whereas heavy rare earth
elements (HREE) show flat signatures when normalized to
chondritic values (Fig. 11A-C). The Sm/Yb ratio is utilized to
model HREE fractionation (e.g., Kay and Mpodozis, 2001;
Bissig and Tosdal, 2009). Sm/Yb ratios from the mafic stock
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Fig. 9. Zircon U-Pb Concordia and weighted average 206Pb/238U age plots for the early Miocene black-matrix porphyry dike
at Vathilakkos (A-B). Data point errors are reported at the 20 level. Red ellipses correspond to rejected analyses.
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alteration or K-silicate alteration, respectively.

and microporphyry at Tsikara (1.23-3.33) as well as the stocks
at Fisoka (1.38-2.66) and Stratoni (1.78-2.36) suggest mini-
mal to no HREE fractionation (Fig. 12A). The porphyry
dikes north of Fisoka show minor HREE fractionation pat-
terns (Sm/Yb = 1.74-4.72) with the most fractionated values
from aplitic granite dikes. La/Yb ratios are generally <20 for
all stocks and slightly elevated (17.46-51.83) for porphyry
dikes north of Fisoka (Fig. 12C). Sr/Y ratios for the late Oli-
gocene intrusive suite range from 0.33 to 69.59, where the
most depleted values reflect alteration. The average Sr/Y ratio
(37.22) from unaltered Stratoni stock samples is likely repre-
sentative of the Sr/Y ratio for the late Oligocene suite. A wide
range of Eu/Eu® values (0.55-0.96; Fig. 12A) suggests that

the REE pattern was controlled primarily by feldspar frac-
tionation rather than amphibole (Hanson, 1980).
Incompatible large ion lithophile elements (LILE) have
high concentrations in the late Oligocene suite. Strontium
concentrations are extremely high with respect to aver-
age upper crustal abundance (320 ppm Sr; Rudnick and
Gao, 2003) reaching values as high as 912 ppm at Stratoni,
897 ppm at Tsikara, and 827 ppm at Fisoka. Barium is simi-
larly enriched with respect to average upper continental
crust (624 ppm Ba; Rudnick and Gao, 2003) with concentra-
tions of up to 1,136 ppm at Tsikara, 1,025 ppm at Stratoni,
and 935 ppm at Fisoka. Uranium and Th concentrations are
anomalous with respect to average upper continental crust
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Fig. 11. Chondrite-normalized REE patterns for (A-C) late Oligocene and (D-F) early Miocene igneous rocks. Normaliza-

tion values are those of Sun and McDonough (1989).

(2.6 ppm U, 10.0 ppm Th; Rudnick and Gao, 2003). The
highest U and Th values for the suite occur at Tsikara with
concentrations up to 14 and 33 ppm, respectively. The ele-
vated LILE and peraluminous character (alumina saturation
index >1) of these intrusive rocks suggest high degrees of
crustal contamination.

Early Miocene magmatism: Skouries and the barren
Aspro Lakkos porphyries are quartz monzonites based on
their total alkali versus silica contents (Fig. 10B). Kroll et al.
(2002) interpreted Skouries to be an alkalic porphyry of sho-
shonitic affinity; however, petrographic evidence indicates
K50 enrichment may reflect intense potassic alteration. Frei
(1995) also suggested that potassic alteration at Skouries
resulted in a 20 to 36 relative percent increase in KoO con-
tent. This study proposes a high K calc-alkaline classification
for Skouries and its unaltered equivalent at Aspro Lakkos.
A genetic relationship among both porphyry intrusions at

Skouries and Aspro Lakkos is inferred based on petrogra-
phy and geochemistry as originally proposed by Frei (1992).
Lower K2O contents of quartz-sericite-pyrite-altered por-
phyry dikes surrounding the Skouries stock are interpreted
to be the result of alkali mobility during alteration and sur-
face weathering (Fig. 10D).

Geochemical data from early Miocene dikes are plotted
on the plutonic classification diagram of Middlemost (1994),
albeit their texture is more characteristic of trachyandesite to
trachydacite volcanic rocks (Fig. 10B). Glomerophyric por-
phyry dikes appear to be mildly alkalic to predominately sub-
alkalic high K calc-alkaline with a tendency toward shoshonitic
compositions. Quartz-sericite-carbonate-pyrite alteration is
common among glomerophyric dikes, probably explaining the
broad range of alkali contents. Unaltered samples from Pia-
vitsa and Olympias drill core represent the least altered chem-
istry of these dikes (Fig. 10D). The unaltered black-matrix
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porphyry dike at Vathilakkos is high K calc-alkaline and con-
tains similar alkali contents as the black-matrix porphyry dikes
at Aspro Lakkos.

The early Miocene intrusive suite is more enriched in LREE
but displays similar chondrite-normalized HREE patterns
when compared against late Oligocene igneous rocks (Fig.
11D-F). However, late Miocene porphyritic stocks and dikes
are distinctly HREE fractionated with Sm/Yb ratios of 2.77 to
7.72 at Skouries, 2.79 to 6.20 at Aspro Lakkos, and 6.87 from
the black-matrix porphyry at Vathilakkos (Fig. 12B). Glome-
rophyric dikes have a wide range of Sm/Yb values (1.77-7.57;
Fig. 12B). High average La/Yb and Sr/Y ratios occur at Skou-
ries (43.42 and 83.6, respectively) and Aspro Lakkos (39.79
and 47.1, respectively; Fig. 12D). Weakly negative europium
anomalies (Euy/Eu®) are evident at Aspro Lakkos (0.76-0.89)
and Skouries (0.70-0.89) with two samples from the Skou-
ries stock exhibiting slightly positive anomalies (1.08 and 1.15;

Fig. 12B). The black-matrix porphyry dike at Vathilakkos and
glomerophyric dikes display weak negative Euy/Eu” anomalies
(0.72-0.87) and, combined with the HREE pattern, also sug-
gest fractionation controlled by amphibole or garnet (Fig. 12B).

Early Miocene porphyries have highly enriched incompat-
ible LILE contents compared to the late Oligocene suite. Sr
concentrations exceed 1,570 ppm at Skouries and 1,446 ppm
at Aspro Lakkos, while Ba concentrations reach 2,885 and
4,190 ppm for Skouries and Aspro Lakkos, respectively.
Extremely high Sr values (3,835 ppm) occur within the unal-
tered glomerophyric dike at Olympias while Sr concentrations
(1,515 ppm) for the black-matrix porphyry dike at Vathilakkos
are similar to Aspro Lakkos. These extremely high Sr contents
suggest little to no plagioclase fractionation in the parental
magma (Richards et al., 2012). Early Miocene porphyries are
strongly elevated in U and Th with highest concentrations at
Skouries with 19 and 67 ppm, respectively, consistent with the
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results from Kroll et al. (2002), suggesting significant crustal
interaction.

Metallogenic Framework

The regional framework of the Serbo-Macedonian metallo-
genic province was strongly influenced by Eocene-Miocene
extension and exhumation of the southern Rhodope core
complex of northern Greece. Exhumation of the southern
Rhodope core complex along the Kerdilion detachment fault
(Brun and Sokoutis, 2007; Wiithrich, 2009) is postulated to
be the regional tectonic process that triggered upper crustal
magmatism and metallogenesis (Marchev et al., 2005; Elio-
poulos and Kilias, 2011; Hahn et al., 2012; Kydonakis et al.,
2014).

The penetrative ductile S; structural fabric within the
Kerdilion unit was likely established during regional Creta-
ceous to Eocene ductile deformation (Kilias et al., 1999). Evi-
dence for an early compressional thrust event in the Stratoni
fault area may have been focused on this structural anisotropy
associated with rheologically weak marbles (Haines, 1998).
Thrust faulting is likely coeval with the development of sub-
parallel district-scale F3 folds. Eocene extensional tectonics
and core complex exhumation may have been initiated at the
Rhodope-bounding Kerdilion detachment fault (Brun and
Sokoutis, 2007; Wiithrich, 2009; Kydonakis et al., 2014). Duc-
tile to semibrittle extensional reactivation of the preexisting
Stratoni thrust fault resulted in the development of a normal
fault (Haines, 1998; Siron et al., 2014). Mineralized strands of
semibrittle deformation within the Stratoni stock indicate that
late Oligocene magmas were emplaced prior to or contem-
poraneous with extensional deformation within the Stratoni
fault zone. The structural relationship between the Kerdilion
detachment fault and the mineralized normal fault at Stratoni
is unclear.

The NE-trending axis of Oligo-Miocene intrusive centers in
the Kassandra mining district align with the midcrustal, north-
east-elongated early Miocene Kavala pluton to the northeast
of the Chalkidiki peninsula (Fig. 1; Dinter et al., 1995; Dinter,
1998). Synintrusion mylonitic fabrics and stretching lineations
within the Kavala pluton indicate a NE-oriented principal axis
of extension along the prominent NW-trending Symvolon
shear zone (Fig. 1). This crustal-scale rupture developed prior
to early Miocene and is believed to have localized syntectonic
magmatism at Kavala (Dinter et al., 1995). Exhumation of the
southern Rhodope core complex may have influenced ascent
of magmas to shallow crustal levels, preferentially exploiting
favorable oblique structural intersections between NE-trend-
ing transtensional faults (e.g., Vathilakkos strike-slip fault)
and WNW-trending structures such as the antiform that hosts
Skouries and the normal fault at Stratoni.

Magmatic evolution

Late Oligocene magmatism spanned ~2.5 m.y., with emplace-
ment of the Tsikara composite stock at 27.0 Ma, followed by
variably differentiated high K calc-alkaline diorite and grano-
diorite intrusions at Stratoni and Fisoka from 25.8 to 24.5 Ma.
The high K calc-alkaline Skouries quartz monzonite porphyry
was emplaced at 20.6 Ma with porphyry-style mineraliza-
tion inferred to be the same age as the main intrusive phase
(Fig. 5; Hahn et al., 2012). The altered, albeit barren, quartz

monzonite porphyry at Aspro Lakkos crystallized at 19.7 Ma,
coeval with the postmineral radial dikes at Skouries and the
compositionally similar late porphyry phase in the Skouries
stock. The barren black-matrix porphyry dike at Vathilakkos
represents the latest stage of early Miocene magmatism in the
district at 19.2 Ma.

Late Oligocene and early Miocene magmatism display dis-
tinct compositional differences, suggesting different magma
sources and/or fractionation and mixing histories. $7Sr/%6Sr
ratios reported from the compositionally diverse Tsikara
and Stratoni stocks (Frei, 1992) are consistent with a mafic
mantle-derived parental magma potentially with some input
from crustal sources. This is in contrast to the more uniform
compositions of early Miocene porphyries, which may have
been derived from a single or well-mixed source. Skouries and
Aspro Lakkos have 87Sr/56Sr ratios typical of upper mantle or
lower crustal sources (Frei, 1995).

The importance of plagioclase fractionation in the late Oli-
gocene igneous suite is indicated by distinct negative euro-
pium anomalies and low Sm/Yb ratios (Figs. 11A-C, 12A).
However, increasing La/Yb ratios with silica content could
indicate fractionation of titanite or perhaps zircon among the
most differentiated porphyry phases (Fig. 12C; Richards et
al., 2012).

Petrochemical characteristics of the Miocene suite, includ-
ing highly fractionated LREE, elevated incompatible LILE
including Sr and Ba, and high field strength elements includ-
ing U and Th, suggest involvement of subduction-enriched
metabasaltic continental lithosphere (Pe-Piper and Piper,
2006; Pe-Piper et al., 2009). This suite exhibits elevated Sr/Y
(>50), Sm/Yb and La/Yb ratios (Fig. 12B, D), indicating that
these melts were controlled by fractionation of amphibole,
in an amphibole + garnet-bearing source (Richards and Ker-
rich, 2007; Richards et al., 2012; Lu et al., 2015), or achieved
through assimilation of crustal material during ascent to shal-
low crustal levels (Richards and Kerrich, 2007; Richards,
2011). Chondrite-normalized REE patterns, particularly
for Skouries (Fig. 11D), favor fractionation processes that
involved amphibole. In order to achieve high Sr/Y and La/Yb
ratios, sufficient water must be available to fractionate amphi-
bole and suppress plagioclase in the deep crust or mantle
(Richards and Kerrich, 2007; Richards, 2011). The minor to
absent europium anomaly suggests oxidizing conditions and/
or elevated water content, which will also quell plagioclase
crystallization. Abundant amphibole and biotite phenocrysts
in the early Miocene porphyries indicate high concentrations
of magmatic water. Depletion in Nb, Ta, and Ti further sup-
port a hydrous mantle-derived magma (Pe-Piper and Piper,
2006).

The petrologic data document a major change in the phys-
iochemical conditions between the late Oligocene and the
early Miocene. Late Oligocene plutonic rocks may reflect the
culmination of subduction-related magmatism prior to litho-
spheric delamination (and slab rollback), resulting in thermal
melting of continental lithosphere. Melting of previous sub-
duction-modified metabasaltic lithosphere would have gen-
erated progressively more alkalic (or shoshonitic) magmas in
the early Miocene (Pe-Piper and Piper, 2006), possibly result-
ing in melts more favorable for generating porphyry Au-Cu
deposits (Miiller and Groves, 2000).
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Metallogenesis

As currently known, porphyry Au-Cu mineralization is
restricted to a small early Miocene high K calc-alkaline quartz
monzonite porphyry at Skouries, although magmatism of the
same age and type is widespread in the area. Skouries shows
similarities to silica-saturated, shoshonitic, pencil-shaped
porphyry bodies in the Ridgeway-Cadia and North Parkes
districts of NSW, Australia (Wilson, 2003). The Skouries por-
phyry stock intruded a thick sequence of relatively unreac-
tive quartz-rich feldspar-biotite gneiss close to the axis of a
major WNW-trending antiform. These lithologic and struc-
tural features aided in efficient focusing of magmatic-hydro-
thermal fluids within a favorable depositional environment
(e.g., Wilkinson, 2013). Magmatic-hydrothermal fluid was
confined to the stock and immediately adjacent wall rock as
dense arrays of stockwork, NE-trending sheeted veins, and
disseminated Au-bearing Cu sulfide mineralization. Intersec-
tions between discrete district-wide NE-trending structures
and fabrics developed in the axis of the regional antiform are
postulated to be the principal structural control influencing
the upper crustal emplacement and focus of the Skouries
magmatic-hydrothermal system.

The brittle-ductile, extensional Stratoni fault zone hosts
the Madem Lakkos and Mavres Petres polymetallic carbon-
ate-hosted sulfide orebodies and cuts the late Oligocene
(25.8-24.5 Ma) high K calc-alkaline granodiorite at Stra-
toni. High-temperature Cu-rich skarn occurs adjacent to the
Stratoni granodiorite stock and related porphyry dikes, and
grades westward into Au-Ag-Pb-Zn massive sulfide at Madem
Lakkos, and variably arsenopyrite-rich base metal massive
sulfide at Mavres Petres. Massive silica-manganese replace-
ment bodies and epithermal-style silica-rhodochrosite veins at
Piavitsa may reflect a continuum of hydrothermal mineraliza-
tion westward for 12 km from a source region in the Stratoni
area coincident with late Oligocene intrusions at Stratoni and
Fisoka (Fig. 2). Zonation from skarn into proximal base metal
massive sulfide and distal manganese replacement bodies is
a characteristic pattern among intrusion-related, carbonate-
hosted replacement systems (Megaw et al., 1988). Enrich-
ment of Au is relatively unusual among these deposit types,
albeit a distinguishing feature of the massive sulfide deposits
in the Stratoni area and Olympias.

The precise timing of Au-Ag-Pb-Zn-Cu carbonate replace-
ment mineralization within the Stratoni fault zone is uncer-
tain but is constrained by structural and intrusive events. A
maximum age of ~25 Ma is constrained by the Stratoni grano-
diorite stock which is cut by the Stratoni fault and exhibits
alteration that may represent the eastern extent of the Madem
Lakkos orebody. Skarn mineralization near the contact of the
Stratoni stock and related porphyry dikes further suggest that
mineralization in the Stratoni fault may be coeval with this
igneous event; however, this evidence does not definitively
link Madem Lakkos to the Stratoni stock. The minimum
age for the marble-hosted mineralization is constrained by
the 19.2 Ma black-matrix porphyry dike at Vathilakkos that
crosscuts the Madem Lakkos orebody at depth (Nebel, 1989;
Haines, 1998), and the 20.6 Ma glomerophyric porphyry dike
that crosscuts siliceous-rhodochrosite carbonate replacement
mineralization at Piavitsa. Based on these constraints, the

orebodies in the Stratoni fault zone formed between 25 and
20 Ma. The spatially associated late Oligocene igneous rocks
on the eastern end of the Stratoni fault support the older min-
eralization age. A late Oligocene age was also tentatively pro-
posed by Gilg and Frei (1994) based on K-Ar geochronology.

The precise age of the Olympias deposit 8 km north of the
Stratoni fault is not well constrained. Unaltered glomerophyric
porphyry dikes in the Olympias area are geochemically and
petrographically similar to those in the Stratoni fault, although
no crosscutting relationships have been directly observed in
the Olympias orebody. The arsenopyrite Re-Os age (26.1 Ma)
of Hahn et al. (2012) suggests a minimum Oligo-Miocene age
of mineralization at Olympias. Similarities among Olympias,
Madem Lakkos, and Mavres Petres, particularly with respect
to sulfide mineralogy and replacement textures, strongly sug-
gest that Olympias is similar in age to the Stratoni orebodies,
but no direct connection has been established between these
deposits.

The close proximity of the Skouries Au-Cu porphyry and
polymetallic Au-Ag-Pb-Zn-Cu carbonate-hosted replace-
ment bodies suggests that a similar crustal plumbing system
tapped deep fertile source regions and efficiently transported
magmas and magmatic-hydrothermal fluids to shallow crustal
levels. The nature of the resulting deposits reflects contrast-
ing controls on the release and movement of ore-forming
fluids and depositional mechanisms within the upper crust.
The Kassandra mining district, therefore, demonstrates the
importance of tectonic and magmatic processes working in
concert with structures in the shallow environment to gener-
ate economic concentration of mineralization.

Conclusions

Multiple stages of ductile deformation structurally precon-
ditioned the Kerdilion metamorphic basement in the south-
ern Rhodope core complex. Eocene to Miocene exhumation
of the southern Rhodope core complex along the Kerdilion
detachment fault may have triggered regional magmatism and
metallogenesis. Ductile compressional deformation resulted
in district-scale folds and the development of the proto-Stra-
toni thrust fault. A regional northeast-southwest axis of exten-
sion led to ductile and semibrittle reactivation of the Stratoni
normal fault in the late Oligocene. Structural intersections
with a WNW-trending antiform at Skouries and the Stra-
toni fault likely influenced the upper crustal emplacement
of Oligo-Miocene stocks and dikes and associated magmatic-
hydrothermal systems.

Zircon U-Pb geochronology defines two distinct magmatic
episodes previously recognized in the district (Frei, 1992).
The late Oligocene igneous suite encompasses monzogabbro
and granodiorites belonging to the 27 Ma composite stock at
Tsikara and the 25.8 to 24.5 Ma diorite to granodiorite stocks
at Stratoni and Fisoka. The early Miocene suite includes the
20.6 Ma (Hahn et al., 2012) mineralized quartz monzonite
porphyry stock at Skouries and coeval glomerophyric dikes,
followed by the 19.7 Ma barren porphyry at Aspro Lakkos.
Magmatism concluded with the 19.2 Ma porphyry dike that
intrudes the Vathilakkos fault. Both igneous suites belong to
the high K calc-alkaline magmas series, with early Miocene
porphyries showing a shoshonitic affinity. Fractionation pat-
terns utilizing the Sm/Yb ratio and the Euy/Eu® anomaly
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indicate plagioclase control for the late Oligocene suite. In
contrast, these ratios along with elevated Sr/Y and La/Yb val-
ues indicate fractionation of amphibole or garnet for the early
Miocene suite of porphyries. Enriched LREE patterns, and
extremely elevated LILE concentrations indicate that both
magma suites, particularly the early Miocene porphyry event,
interacted strongly with subduction-enriched continental lith-
osphere (Pe-Piper et al., 2006).

Two major mineralizing styles comprise the economic min-
eral deposits of the Kassandra mining district. Polymetallic
Au-rich mineralization is hosted by marble contained within
the semibrittle Stratoni fault. Mineralization is zoned along
a 12-km strike length from Cu-bearing skarn adjacent to the
late Oligocene Stratoni granodiorite stock, through Au-Ag-
Pb-Zn-Cu carbonate replacement deposits at Madem Lakkos
and Mavres Petres, to distal siliceous-manganese carbonate
replacement bodies and associated crustiform Au-rich silica-
rhodochrosite veins at Piavitsa. Structural and alteration rela-
tionships suggest that carbonate replacement mineralization
is syn- to postemplacement of the late Oligocene Stratoni
granodiorite stock (~25 Ma). Unaltered dikes at Vathilakkos
and Piavitsa demonstrate that this mineralization predates
early Miocene (19-20 Ma) magmatism. The Olympias Au-Ag-
Pb-Zn carbonate replacement deposit is located 8 km north of
the Stratoni fault. Olympias appears to be broadly similar to
the Madem Lakkos and Mavres Petres deposits and the Re-Os
age (26.1 Ma) of Hahn et al. (2012) suggests a similar timing.
Early Miocene Au-Cu mineralization at Skouries, 8 km south
of the Stratoni fault, is associated with a narrow pipe-shaped
multiphase porphyry stock. Mineralization is hosted by mul-
tiple phases of porphyry-related quartz and quartz-magnetite
veins associated with pervasive potassic alteration in the por-
phyry stock and adjacent wall-rock gneiss and schist.

Late Oligocene and early Miocene magmatism overlaps
spatially within the district but defines distinct petrogenetic
events separated by about 5 m.y. Both episodes are associated
with Au-rich mineralization. Carbonate replacement depos-
its appear to have formed in association with high K calc-
alkaline magmas, whereas the Skouries porphyry system has
characteristics similar to subalkaline and shoshonitic porphyry
deposits elsewhere. Carbonate replacement massive sul-
fide deposition was largely controlled by hydrothermal fluid
movement into an extensional fault zone containing receptive
host rocks, whereas a major regional fold axis localized the
Skouries porphyry system. The change in character of min-
eralization within the Kassandra mining district may reflect a
combination of factors, including structural preconditioning,
magmatic-hydrothermal processes, and availability of reactive
host rocks.
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