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Abstract

The Kassandra mining district of northern Greece contains about 12 Moz Au in porphyry Au-Cu and Au-Ag-
Pb-Zn-Cu carbonate replacement deposits that are associated with Oligocene-Miocene intrusions emplaced
into polydeformed metamorphic basement rocks belonging to the Permo-Carboniferous to Late Jurassic
Kerdilion unit and the Ordovician-Silurian Vertiskos unit. Regional extensional tectonics active since the
middle Eocene resulted in the development of widespread normal and transtensional faults, including the
Stratoni fault zone that hosts carbonate replacement sulfide orebodies. This structure has been previously
interpreted as the tectonic boundary between the Kerdilion and Vertiskos units. Geologic relationships,
structural patterns, immobile element geochemistry, and published zircon U-Pb ages suggest that the tec-
tonic boundary between these lithotectonic units is an older structure and not a detachment fault as previ-
ously indicated.

Carbonate-hosted replacement orebodies at the Olympias, Madem Lakkos, and Mavres Petres deposits
are controlled by the Kassandra fault and Stratoni fault zones. Orebody location and morphology is influ-
enced by a preexisting ductile structural architecture and the interaction of ductile to brittle faults with mar-
ble host rocks. Intersection of ductile fabrics and folds with extensional mylonites and synmineral semibrittle
shear zones form a linear plunging domain that controls sulfide ore at the Olympias deposit. The Madem
Lakkos sulfide orebodies are hosted by marbles located within fold hinges and intersecting semibrittle faults,
whereas the Mavres Petres orebody is controlled by lenses of marble entrained within the Stratoni fault
zone. Hydrothermal mica “°Ar/*9Ar ages indicate that sulfide ore deposition occurred between 24.0 + 0.6 and
22.6 + 0.3 Ma, overlapping with late Oligocene magmatism in the district. Kinematic fault-slip data and field
relationships suggest that carbonate replacement mineralization within the Stratoni fault zone was initiated
toward the end of north-south extension during the late Oligocene, whereas younger Au-bearing quartz-
rhodochrosite vein breccias that are spatially related to but crosscut sulfide ores were controlled largely by
east-west extension.

The Skouries Au-Cu deposit is hosted by an early Miocene quartz monzonite porphyry stock that postdates
the folding of gneiss and schist of the Vertiskos unit. Mineralized veins within the stock and porphyry dikes pre-
dominately strike northeast, consistent with the orientation of the Oligo-Miocene igneous belt. Ascent of fertile
magmas into the upper crust may have been triggered by a change in the extension direction during the early
Miocene. Magmatism during the late Oligocene and early Miocene corresponds to distinct extensional episodes
that facilitated polymetallic carbonate replacement and porphyry Au-Cu ore formation within an evolving post-
collisional tectonic setting.
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Introduction

The Serbo-Macedonian metallogenic province (Jankovié,
1997; Serafimovski, 2000) of the Tethyan mineral belt forms a
NW-trending zone of porphyry Au-Cu, Cu skarn, and Au-rich
polymetallic vein and carbonate-hosted replacement depos-
its extending from Serbia and Kosovo through the Republic
of Macedonia and northern Greece. Deposits within this belt
are associated with Oligo-Miocene intrusions occurring within
a tectonically complex environment (Heinrich and Neubauer,
2002). The most economically significant district in the Greek
segment of the Serbo-Macedonian metallogenic province is
the Kassandra mining district, which contains about 12 Moz Au
hosted by porphyry and polymetallic carbonate replacement
orebodies. The Skouries porphyry Au-Cu deposit contains a
measured and indicated resource of 289.3 Mt grading 0.58 g/t
Au and 0.43% Cu. The Olympias carbonate replacement
deposit contains a measured and indicated resource of 15.1 Mt
at 8.97 g/t Au, 146 g/t Ag, 4.9% Pb, and 6.5% Zn (Eldorado
Gold Corporation, 2017). Approximately 13.5 Mt of Ag-Pb-Zn
ore was historically produced from the Madem Lakkos carbon-
ate replacement deposit (Forward et al., 2010) with the nearby
and actively producing Mavres Petres mine containing a mea-
sured and indicated resource of 0.55 Mt at 212 g/t Ag, 8.1% Pb,
and 11.0% Zn (Eldorado Gold Corporation, 2017).

Zircon U-Pb geochronology defines two magmatic episodes
that took place within the Kassandra mining district during
the late Oligocene and early Miocene, each of which corre-
sponds to a major metallogenic event (Frei, 1992, 1995; Gilg,
1993; Gilg and Frei, 1994; Hahn et al., 2012; Siron et al.,
2016). Previous studies (e.g., Haines, 1998) recognized the
Stratoni fault zone as a major mineralized corridor that hosts
the Mavres Petres and Madem Lakkos Au-Ag-Pb-Zn-Cu
carbonate replacement-style massive sulfide deposit. Based
on crosscutting relationships with respect to dated igneous
intrusions, sulfide ore is interpreted to have formed syn- to
postemplacement of the late Oligocene (~25 Ma) Fisoka and
Stratoni granodiorite stocks (Siron et al., 2016). The Olympias
Au-Ag-Pb-Zn-Cu carbonate replacement deposit, located to
the north of the Stratoni fault zone, occurs within a folded
marble-gneiss sequence and is closely associated with the
Kassandra fault. Sulfide ore from the Olympias deposit shows
mineralogical and textural similarities to the Mavres Petres
deposit (Siron et al., 2016). These similarities and an arse-
nopyrite Re-Os age have led previous workers to assign an
Oligo-Miocene age to the Olympias deposit (Kalogeropoulos
et al., 1989; Hahn et al., 2012; Hahn, 2014).

The Skouries Au-Cu deposit is associated with a narrow,
steeply plunging, pipe-shaped and multiphase quartz mon-
zonite porphyry intrusion (Eliopoulos and Economou-Elio-
poulos, 1991; Frei, 1992, 1995; Tobey et al., 1998; Kroll et
al., 2002; Hahn et al., 2012; Hahn, 2014; McFall et al., 2016;
Siron et al., 2016). Published K-Ar whole-rock and zircon
U-Pb ages from the Skouries porphyry and a hydrothermal
biotite “°Ar/*Ar cooling age are within error and define a 20
to 19 Ma age range for Au-Cu mineralization (Frei, 1992,
1995; Hahn et al., 2012; Hahn, 2014). Based on these ages,
the Skouries deposit is interpreted to be ~4 to 5 m.y. younger
than the fault-controlled carbonate-hosted replacement mas-
sive sulfide deposits to the north (Siron et al., 2016).
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In spite of the economic importance of the Kassandra min-
ing district and the demonstrable association of the Madem
Lakkos and Mavres Petres deposits with the Stratoni fault
zone, little previous work has been done to assess the struc-
tural controls on ore deposit formation. Previous work is
limited to a study of the Stratoni fault zone on one level in
the now-closed Madem Lakkos mine by Haines (1998) and
district-scale reviews in unpublished consulting reports. This
study presents the results of research focused on character-
izing the kinematic and structural controls on mineralization
and identifying the structural architecture that facilitated
faulting and Oligo-Miocene magmatism associated with por-
phyry and carbonate replacement mineralization. We present
detailed geologic maps and cross sections from the Olympias,
Madem Lakkos, Mavres Petres, and Skouries deposits based
on field and drill core observations, structural measurements,
and fault kinematic analyses, as well as whole-rock geochemi-
cal data (Appendix). The location and importance of the
Stratoni fault zone as a potential terrane-bounding structure
is discussed in the context of whole-rock geochemistry and
the age of the metamorphic units from previous zircon U-Pb
data. The objectives of this study are to (1) define the struc-
tural architecture and deformation history of the district, (2)
characterize the style, timing, and significance of faulting, and
(3) identify the major structural controls that focused poly-
metallic carbonate replacement and porphyry Au-Cu systems
within the Kassandra mining district.

Lithotectonic Setting

The Hellenic orogen of northern Greece originated from the
collision of the Apulian and Pelagonian microcontinents with
the previously accreted Serbo-Macedonian and Rhodope con-
tinental fragments to the Eurasian continental margin during
the Late Cretaceous to Eocene (Pe-Piper and Piper, 2006).
Convergence of microcontinents and subduction of oceanic
lithosphere during this event led to magmatism resulting from
slab detachment or lithospheric delamination assisted by roll-
back of the subducting slab during postcollisional back arc
extension of the subducted wedge (de Boorder et al., 1998;
Wortel and Spakman, 2000; Lips, 2002; Neubauer, 2002;
Brun and Sokoutis, 2010; Jolivet and Brun, 2010; Krenn et
al., 2010; Ring et al., 2010; Jolivet et al., 2013; Papanikolaou,
2013). Retreat of the subducting slab resulted in widespread
extension that manifested in the unroofing of deep-crustal
lithotectonic blocks from the Late Cretaceous to the late Mio-
cene (Dinter and Royden, 1993; Sokoutis et al., 1993; Waw-
rzenitz and Krohe, 1998; Krohe and Mposkos, 2002; Brun and
Sokoutis, 2007; Brun and Faccenna, 2008; Wiithrich, 2009;
Kydonakis et al., 2014; Kounov et al., 2015).

Northeastern Greece is principally underlain by rocks
belonging to the Rhodope metamorphic province, defined as
a crustal-scale, amphibolite-facies accretionary complex con-
sisting of SW-verging stacked nappes that lie within the over-
riding plate of the Hellenic subduction zone (Burg et al., 1990,
1996; Ricou et al., 1998; Gautier et al., 1999; Bonev et al.,
2006; Jahn-Awe et al., 2010; Krenn et al., 2010; Burg, 2012).
Bordered by the Maritza dextral strike-slip fault in southern
Bulgaria, the Rhodope metamorphic province extends under
the Thrace basin of northeastern Greece and is bounded by
the ophiolitic Vardar suture zone, which crops out on the
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western Chalkidiki Peninsula (Fig. 1; Ricou et al., 1998). The
Rhodope metamorphic province comprises the eastern and
structurally stacked Thracia and Rhodope lithotectonic ter-
ranes and the western Serbo-Macedonian terrane. The upper
tectonic Permo-Carboniferous Rhodope unit, which hosts
Late Jurassic orthogneiss, is separated from the lower Thracia
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terrane by the SW-verging Nestos thrust fault (Fig. 1; Turpaud
and Reischmann, 2010). The Permo-Carboniferous Thracia
terrane consists of the lower Pangeon and upper Kerdilion
marble-gneiss sequences. On the Chalkidiki Peninsula, the
Kerdilion unit is tectonically juxtaposed with Ordovician to
Silurian orthogneiss and Triassic leucogranites belonging to
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the Vertiskos unit of the Serbo-Macedonian terrane (Fig. 1;
Himmerkus et al., 2007).

The Kassandra mining district is underlain by Vertiskos and
Kerdilion units (Fig. 1; Kockel et al., 1971, 1977; Brun and
Sokoutis, 2007), which are interpreted to be the upper and
lower tectonic units, respectively, of the Serbo-Macedonian
terrane (Kockel et al., 1971). The Vertiskos unit is interpreted
to be a Gondwanan-derived continental magmatic arc that
was accreted onto the European margin in the Carbonifer-
ous (Himmerkus et al., 2006, 2007, 2009a). In contrast, zir-
con ages and whole-rock geochemical data suggest that the
Kerdilion unit originated from a Permo-Carboniferous mag-
matic arc, which was overlain by Paleotethyan carbonates and
was subsequently modified by Late Jurassic to Early Creta-
ceous arc magmatism related to the Neotethyan subduction
zone (Turpaud and Reischmann, 2003; Himmerkus et al.,
2007, 2011). The contact between the Vertiskos and Kerdilion
units has been interpreted in earlier studies as the Stratoni
fault zone (e.g., Nebel et al., 1991; Haines, 1998). Himmerkus
et al. (2005), however, reassigned this tectonic boundary to
the Athos-Volvi suture zone (Fig. 2).

Ultramafic and mafic rocks cropping out within the Athos-
Volvi suture zone belong to the Thermes-Volvi-Gomati
ophiolite complex, first described in detail by Dixon and
Dimitriadis (1984) and interpreted to represent mantle-
derived magmas formed by rifting in a suprasubduction
zone setting during the Late Permian to Early Triassic
(Himmerkus et al., 2005; Liati et al., 2011; Bonev et al.,
2012). Late Triassic anorogenic granites of the Arnea-Ker-
kini Suite were emplaced within a rift setting that is broadly
coeval with the formation of the ophiolitic rocks (Dixon and
Dimitriadis, 1984; De Wet et al., 1989; Himmerkus et al.,
2005, 2009b; Christofides et al., 2007; Bonev et al., 2012).
Neoproterozoic basement fragments including gneisses of
the Arnea-Kerkini Suite and dismembered segments of the
Thermes-Volvi-Gomati ophiolite sequence were incorpo-
rated into the Athos-Volvi suture zone during Late Paleo-
zoic to Mesozoic assembly of the European margin during
closure of the Neotethyan Vardar Ocean and inception of
the Alpine-Hellenic orogeny (Fig. 2; Dixon and Dimitriadis,
1984; Bonev and Dilek, 2010; Liati et al., 2011).

Accretion of the Vertiskos continental fragment to the Euro-
pean margin was accompanied by regional high-temperature,
upper greenschist- to lower amphibolite-facies metamor-
phism that overprinted an earlier and discrete high-pressure
subduction-related eclogite-facies event (Wawrzenitz and
Mposkos, 1997; Lips et al., 2000; Mposkos and Kostopoulos,
2001; Liati, 2005; Turpaud and Reischmann, 2010; Kydona-
kis et al., 2014, 2016). Synmetamorphic thrust faulting and
exhumation of the Vertiskos unit to midcrustal levels occurred
by early Late Cretaceous time (Kydonakis et al., 2016). The
Kerdilion unit, however, underwent amphibolite-facies meta-
morphism that locally reached anatectic partial melt condi-
tions by the early to middle Eocene and was subsequently
overprinted by retrograde greenschist-facies metamorphism
(Kalogeropoulos et al., 1989; Wawrzenitz and Krohe, 1998;
Lips et al., 2000). Thermochronological studies suggest con-
trasting evolutionary paths for the Vertiskos and Kerdilion
units (Burg et al., 1995; Brun and Sokoutis, 2007; Kounov et
al., 2015; Kydonakis et al., 2016).
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Tertiary magmatism and regional extension

Early Eocene subduction-related arc magmatism is evident
throughout the Rhodope metamorphic province. Rollback
of the subducting slab and back arc extension in the north
Aegean region gave way to postcollisional magmatism from
the Oligocene to early Miocene (Fytikas et al., 1984; Jones
et al., 1992; Dinter et al., 1995; Pe-Piper and Piper, 2002;
Ring et al., 2010). A southward migration of the magmatic arc
resulted from the retreat of the Hellenic trench from the late
Miocene into the Pliocene. This occurred coeval with north-
ward collision of the Arabian plate with Eurasia, facilitating
westward extrusion of the Anatolian block into the northern
Aegean (Jolivet et al., 2013). Since the middle Miocene, this
westward escape of Anatolia has been largely accommodated
by regional north-south crustal stretching and dextral dis-
placement on the north Anatolia fault (Armijo et al., 1998;
Gautier et al., 1999; Jolivet et al., 2013), which propagated
into the north Aegean Sea by approximately 5 Ma (Armijo et
al., 1998; Koukouvelas and Aydin, 2002).

Extensional tectonics have been active in the north Aegean
region since the middle to late Eocene beginning with the
unroofing of the southern Rhodope core complex in the foot-
wall of the inferred Kerdilion detachment fault (Fig. 1; Brun
and Sokoutis, 2007, 2010). Exposure of the Kerdilion detach-
ment fault is limited and is largely defined by thermochronol-
ogy. Fission track age patterns from the study area indicate
that the footwall Kerdilion unit cooled below the apatite and
zircon partial annealing temperatures from 42 to about 24 Ma
coincident with detachment faulting and exhumation of the
Kerdilion unit (Wiithrich, 2009; Kounov et al., 2015). A simi-
lar conclusion was reached by Brun and Sokoutis (2007) based
on the reinterpretation of previously published isotopic cool-
ing ages from the region.

Continued exhumation of the previously unroofed meta-
morphic dome was accompanied by early Miocene magma-
tism and accommodated by the Thasos and Strymon Valley
detachment faults located northeast of the Kassandra min-
ing district (Fig. 1; Dinter and Royden, 1993; Sokoutis et
al., 1993; Dinter et al., 1995; Dinter, 1998; Wawrzenitz and
Krohe, 1998). Unroofing of the southern Rhodope core com-
plex continued into the late Pliocene where it was modified by
late Pliocene to Quaternary basin-forming normal and strike-
slip faults (Dinter, 1998). Exhumation of the southern Rho-
dope core complex reflects an estimated 120 km of extension
accompanied by approximately 30° clockwise rotation of the
Chalkidiki block from the middle Eocene to present as deter-
mined from paleomagnetic studies (Dimitriadis et al., 1998;
Brun and Sokoutis, 2007).

Regional Structural Framework

The Kassandra mining district is underlain by metamorphic
rocks belonging to the polydeformed Vertiskos and Kerdil-
ion units (Kockel et al., 1977), including mafic and ultramafic
bodies mainly occupying areas around the Gomati and Stra-
toni fault zones (Fig. 2). Subduction-related Late Cretaceous
to early Eocene calc-alkaline magmatism was followed by the
emplacement of postcollisional late Oligocene and early Mio-
cene intrusions along a NE-trending corridor hosted by both
Vertiskos and Kerdilion units (Siron et al., 2016). This section



REPLACEMENT DEPOSITS OF THE KASSANDRA DISTRICT, GREECE

Z, . (Footwall)
<2 "~ Domain

Southern
(Hangingwall)

- _ﬁ Aegean Sea

lerissos

D,

N\

S 4
Neogene Cover Permo-Carboniferous to Jurassic
Quaternary sediments Kerdilion Unit (Rhodope)
.] Pliocene Red Clay Series I:I Pegmatitic Granitic gneiss
Igneous Rocks I:I Quartzo-feldspathic hornblende biotite gneiss
and schist, and interlayered amphibolite

I:l Early Miocene Porphyry Suite
|:| Late Oligocene Plutonic Suite
. Eocene Ierissos Granite (foliated)

Triassic-Jurassic Rift-related Rocks

g : Quartz-rich biotite-muscovite schists and gneiss,
Amphibolite, massive gabbro and I:I interlayered with amphibolite and calcic schists

. Carbonaceous quartz-biotite gneiss and schist
I:I Banded and massive marble, variably graphitic

Ordovician-Silurian Vertiskos Unit

pyroxenite
. Serpentinized dunite and peridotite Map Symbols
|| Amea-Kerkini Granite (gneiss) Suite ~ ---4--~ Antiform indicating plunge direction,
. Graphitic schist and quartzite (Svoula — location approx.

Group) Normal fault, dashed where approx.

! Quartz-sericite marble (Svoula Group)  —™--"- Kerdilion detachment fault?, inferred

(R) Mine (historic, active or development) K Prospect O Zircon U-Pb (Hahn, 2014) o Village

Fig. 2. Geologic map of the Kassandra mining district modified after Kockel et al. (1977). The inset map at the top right
outlines the northern and southern structural domains referenced in the text. Coordinates are displayed in the Greek Geo-
detic Coordinate System (GGRS 87 Greek Grid). Abbreviations: As = Aspro Lakkos porphyry stock, F's = Fisoka stock, ML =
Madem Lakkos deposit, MP = Mavres Petres deposit, OL = Olympias deposit, PV = Piavitsa prospect, SK = Skouries deposit,

St = Stratoni stock, Ts = Tsikara composite stock.

313



314

presents lithologic descriptions of these metamorphic base-
ment units based on field and drill core observations, com-
bined with previously published geochronological data. Major
deformation events recorded by these rocks are described
from structural data collected from surface outcrops.

Metamorphic basement rocks

Metamorphic rocks of the Kerdilion unit to the north of the
Stratoni fault zone consist of partially migmatitic quartz-
ofeldspathic hornblende-biotite gneiss containing intervals
of compositionally layered to massive graphite-bearing mar-
ble, metagabbros composed of massive to strongly layered
amphibolite, interspersed bodies of megacrystic plagioclase-
microcline orthogneiss, and fine-grained to aplitic granite
gneiss (Kockel et al., 1977; Kalogeropoulos et al., 1989; Nebel
et al., 1991; Gilg and Frei, 1994). These lithologic units have
an arcuate geometry, striking in a north-south direction in
the north and becoming east-west striking near the Stratoni
fault zone (Fig. 2). Middle Jurassic to Early Cretaceous zircon
U-Pb and Pb-Pb ages from granitic gneiss of the Kerdilion
unit range from 164 to 134 Ma and are interpreted as primary
igneous ages reflecting a period of widespread magmatism
within the region (Himmerkus et al., 2011; Hahn, 2014). The
hosting rock units, however, are likely Carboniferous to Perm-
ian in age based on inherited zircon cores derived from the
orthogneiss (Himmerkus et al., 2011). Pegmatitic dikes and
sills occur throughout the Kerdilion unit. These probably rep-
resent anatectic partial melts of the metamorphic rock from
about the middle Paleocene to middle Eocene (Wawrzenitz
and Krohe, 1998; Kalogeropoulos et al., 1989). These dikes
commonly contain a penetrative foliation and may be folded
and boudinaged, indicating that ductile deformation persisted
through at least the middle Eocene (Kalogeropoulos et al.,
1989; Gilg and Frei, 1994). Pegmatitic gneisses and dikes are
largely absent south of the Stratoni fault zone.

Strongly foliated and variably graphitic garnet-bearing
quartz-biotite gneiss and schist (metapelites) define a distinct
unit that is spatially associated with the Stratoni fault zone
(Fig. 2). This unit is exposed underground in the Mavres
Petres mine and is present in outcrop and drill core at the
Piavitsa prospect. Quartz-biotite + garnet gneiss and schist
consist of thinly laminated quartz-rich lenses grading into lay-
ers with abundant graphite. Drill core intercepts indicate that
the graphitic quartz-biotite gneiss and schist unit is conform-
able with quartzofeldspathic biotite gneiss and is interlayered
with graphite-bearing marble, calcareous schists, and thin
amphibolite layers. The graphitic metapelite unit is exten-
sively altered in the Stratoni fault zone where a black, insolu-
ble carbonaceous residue is focused within pressure solution
seams and biotite, feldspar, and garnet are variably altered to
white mica-chlorite-carbonate to form a gray, carbonaceous
phyllite.

Mafic and ultramafic rocks are exposed predominately
within the hanging wall of the Stratoni fault zone (Fig. 2); how-
ever, thinner mafic layers also occur to the north and extend
into the Olympias area. These rocks consist of layered- and
massive-textured amphibolite with subordinate pods of vari-
ably serpentinized pyroxenite. Amphibolite units that occur
to the north of the Stratoni fault zone are interlayered with
marble and have contacts that are compositionally gradational
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with hornblende-bearing quartzofeldspathic biotite gneiss.
Amphibolites in this area are potentially correlative with the
Triassic Thermes-Volvi-Gomati ophiolitic complex (Dixon
and Dimitriadis, 1984; Bonev and Dilek, 2010; Liati et al.,
2011); however, a Middle Jurassic zircon U-Pb age of 167 Ma
was obtained from feldspar-rich banded amphibolite south of
the village of Stratoni (Fig. 2; Hahn, 2014).

A monotonous sequence of quartz-rich feldspathic to mus-
covite-biotite—bearing gneiss and schist assigned to the Ver-
tiskos unit occurs to the south of the Stratoni fault zone and
the large amphibolite unit described above (Fig. 2). Minor
calcareous calc-silicate schist, marble, and amphibolite are
thinly interlayered within the metamorphic sequence. Zir-
con U-Pb ages (Hahn, 2014) show that the micaceous schist
in the Skouries area ranges from Neoproterozoic (686-576
Ma) to Ordovician (464—450 Ma), which is consistent with
the age of the Pan-African Pirgadikia and Vertiskos units of
the Serbo-Macedonian terrane, respectively (Himmerkus et
al., 2006, 2007). Hahn (2014) additionally identified a broad
range of zircon ages from a micaceous schist near the south-
ern amphibolite contact south of the Stratoni fault zone (Fig.
2). Three populations of zircon U-Pb ages from Neoprotero-
zoic (699-594 Ma), Ordovician to Silurian (475-428 Ma),
and Permian to Triassic (279-228 Ma) correspond to the
Pirgadikia unit, Vertiskos unit, and the Arnea-Kerkini granite
gneiss suite, respectively (Himmerkus et al., 2006, 2007). This
wide distribution of zircon ages, which includes rare Neoar-
chean zircon cores (2519 Ma), reflects either a complex detri-
tal sedimentary precursor and/or a mélange of structurally
imbricated basement units.

In the southernmost parts of the study area, mafic and ultra-
mafic rocks consisting of chlorite-amphibole schist, metagab-
bro, and chromite-bearing serpentinized peridotite and
dunite crop out along the Gomati fault zone (Fig. 2). These
rocks belong to the dismembered Gomati ophiolite body
and are interpreted to be the lowest structural position of
the Thermes-Volvi-Gomati ophiolitic complex (Kockel et al.,
1977; Dixon and Dimitriadis, 1984; Bonev and Dilek, 2010).
This mafic to ultramafic body is mostly hosted by the tectonic
mélange of the Athos-Volvi suture zone (Himmerkus et al.,
2005).

Tertiary igneous rocks

Three suites of subduction-related and postcollisional igneous
rocks crop out within the Kassandra mining district. The earli-
est suite comprises late Paleocene to early Eocene intrusions
that are variably deformed. The most significant intrusion
from this suite is the ca. 53 Ma subduction-related calc-alka-
line Ierissos granodiorite (Frei, 1992, 1996; Himmerkus et al.,
2011), which crops out to the southeast of the district (Fig. 2)
and is coeval with the Sithonia, Ouranoupolis, and Grigoriou
granodiorites located on the Sithonia and Athos peninsulas,
respectively (Fig. 1; De Wet et al., 1989; Christofides et al.,
1990; Bébien et al., 2001; Pe-Piper and Piper, 2002). Other
intrusions in this suite include foliated granodiorite dikes that
crop out within the Stratoni fault zone between the Stratoni
granodiorite stock and the Madem Lakkos deposit. One of
these granodiorite dikes yielded a zircon U-Pb crystallization
age of 58.0 = 0.2 Ma (C. Siron, unpub. data, 2016), suggest-
ing that the late Paleocene to Eocene subduction-related
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igneous event extended to the north into the Kassandra min-
ing district.

A NE-trending, 15-km-long belt of postcollisional intrusive
rocks of Oligo-Miocene age mostly crops out between the
Gomati and Stratoni fault zones (Fig. 2) and represents the
two youngest intrusive suites in the study area (Gilg and Frei,
1994; Hahn, 2014; Siron et al., 2016). Zircon U-Pb geochro-
nology defines two distinct postcollisional magmatic episodes
in the late Oligocene (27-25 Ma) and early Miocene (20—
19 Ma). Both igneous suites belong to the high-K calc-alka-
line magma series with the younger early Miocene porphyritic
intrusions having a more-evolved, shoshonitic geochemistry
(Kroll et al., 2002; Siron et al., 2016). The late Oligocene igne-
ous suite includes monzogabbros and granodiorites belonging
to the 27.0 + 0.2 to 26.7 + 0.3 Ma Tsikara composite stock in
the south and the 25.7 + 0.4 to 24.5 + 0.1 Ma variably porphy-
ritic diorite to granodiorite stocks and dikes of Stratoni and
Fisoka in the north (Fig. 2; Siron et al., 2016).

The early Miocene igneous suite includes the 20.6 + 0.5 Ma
(zircon U-Pb; Hahn et al., 2012; Hahn, 2014) Au-Cu-min-
eralized Skouries quartz monzonite porphyry stock (Fig. 2).
Highly potassic glomerophyric porphyry dikes that crosscut
the Stratoni fault zone and the Olympias deposit are inter-
preted to be early Miocene in age, coeval with the Skouries
stock (Siron et al., 2016). Early Miocene magmatism contin-
ued with the emplacement of the barren Aspro Lakkos quartz
monzonite porphyry stock (19.7 + 0.1 Ma) and crosscutting
trachyandesite black-matrix porphyry dikes dated at 19.6 +
0.1 Ma (Siron et al., 2016). The youngest stage of magmatism
in the district is documented by the 19.2 + 0.2 Ma trachyan-
desite black-matrix porphyry dike hosted within the Vathilak-
kos fault at the Madem Lakkos deposit (Gilg and Frei, 1994;
Haines, 1998; Siron et al., 2016).

Deformation events

In this study, the Kassandra mining district has been divided
into two structural domains, north and south of the Stratoni
fault zone (inset, Fig. 2). Structural analyses also focused on
the Olympias and Skouries deposit areas to better establish
the local structural architecture. Ductile structural data is
displayed in lower-hemisphere, equal-area stereographic pro-
jections and is presented in Figure 3. Three deformation epi-
sodes are defined here based on the superposition of ductile
fabrics. Earlier events may have occurred but are obscured by
the intensity of D strain and associated metamorphism.

D; deformation: Gneisses and marbles within the northern
domain display a locally preserved compositional layering that
is transposed into the plane of a penetrative Si gneissosity,
which affects granitic intrusions as young as 58 Ma (C. Siron,
unpub. data, 2016). Foliation is defined by the alignment
of peak amphibolite-facies minerals typically consisting of
hornblende-biotite-plagioclase + garnet and feldspathic min-
eral segregations within quartzofeldspathic biotite gneiss and
amphibolite. In marble, compositional banding is parallel to
the plane of S; foliation (Fig. 4A). Massive marble that hosts
sulfide ore commonly contains aligned graphite flakes that
define the S; fabric. Pegmatites that occupy the metamor-
phic sequence occur as thin layer-parallel leucosomes within
migmatitic intervals of quartzofeldspathic biotite gneiss
and as dikes that crosscut the metamorphic package. Most
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pegmatites generally exhibit a penetrative S foliation (Kalo-
geropoulos et al., 1989). Within the Olympias deposit area,
S1 foliation strikes predominately to the north and uniformly
dips to the east, as observed from surface outcrops and under-
ground exposures. Orientation of the metamorphic sequence
and the S, foliation abruptly shifts to an east-west strike with
a shallow south dip to the north of the deposit area, likely rep-
resenting a Do fold (Fig. 3A). North of the Stratoni fault zone,
S1 foliation dips to the north-northeast and south-southwest,
defining a fold geometry (Fig. 3B). Asymmetry of granite
gneiss and pegmatite boudins within the quartzofeldspathic
biotite gneiss sequence show top-to-the-northeast sense of
shear of S; foliation in the northern domain as similarly noted
by Kilias et al. (1999).

Immediately to the south of the Stratoni fault zone, S; folia-
tion strikes west-northwest and dips predominately toward
the north-northeast, discordant to the S-dipping Stratoni
fault zone (Fig. 3C). The moderate northeast dip to S folia-
tion extends into the Skouries area, where S; becomes south
to southwest dipping, thus defining a broad D: anticlino-
rium (Fig. 3D). Foliation traces diverge from the Stratoni
fault zone, striking north-south parallel to the coastline and
roughly following the outcrop pattern of the mafic hanging-
wall rocks on the eastern margin of the district (Fig. 2). S
foliation exhibits a northeast strike and southwest dip in the
southeast portion of the district. Foliation boudins evident
within the well-foliated mafic rocks south of the Stratoni fault
zone locally occur as lenticular and symmetrical pyroxenite
lozenges within amphibolite, thus recording high degrees of
strain during the Dy event.

Ds deformation: A second ductile fabric (S2) overprints and
locally transposes the previously developed S: foliation and
is associated with upper greenschist- to lower amphibolite-
facies metamorphism based on the realignment and growth
of phyllosilicate minerals (e.g., biotite) into S foliation planes.
Within the northern domain, the Ss foliation forms a spaced
to locally penetrative cleavage that dips gently to the south-
southeast (Fig. 3E). Ss cleavage is present within the axes of
folds at the Olympias deposit, where it manifests as a pen-
etrative fabric resulting in the realignment of biotite in the
quartzofeldspathic gneiss and as thin pressure solution part-
ings and realignment of graphite flakes in marble. Ss cleavage
is generally poorly developed within the massive, mica-poor
and coarse-grained to megacrystic granitic gneiss that under-
lies much of the eastern portion of the northern domain. In
general, Sy cleavage is subparallel to S; foliation at the south-
ern margin of the northern domain within the Stratoni fault
zone. In the southern domain, the S fabric occurs as a tightly
spaced, penetrative crenulation cleavage (Fig. 4B) that dips
moderately to the south (Fig. 3F) and is commonly localized
in the axes of folds best developed in metapelitic layers. Poles
to axial planar Sy foliation measured in the Skouries area and
surrounding parts of the southern domain display a clustered
distribution with no evidence of post-D; folding. This rela-
tionship is consistent with the orientation and distribution of
F, axial planes.

Folds associated with the D3 event (Fs folds) affected
the metamorphic sequences in the northern and southern
domains. Folds have interlimb angles that range from open
to tight and commonly have inclined to near-recumbent
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S, Olympias Area (n=363) S, Stratoni FW (n=463) S, Stratoni HW (n=568) S, Skouries Area (n=310)

S, Olympias Area (n=49) S, Skouries-Stratoni HW F, Axial Planes Olympias (circle)-  F, Fold Hinges Olympias (circle)-
combined (n=31) Stratoni FW (square) combined Stratoni FW (square) combined
(n=42) (n=56)

N N

F, Axial Planes Skouries- F, Fold Hinges Skouries- L, Olympias-Stratoni FW L, Skouries (n=22)
Stratoni HW combined (n=26) Stratoni HW combined (n=19) combined (n=20)

S; Olympias-Stratoni FW S, Skouries-Stratoni HW
combined (n=103) combined (n=42)

Fig. 3. Lower-hemisphere, equal-area stereographic projections of ductile structural elements subdivided by domain in the
study area. Data is contoured at 30 significance level following the method of Kamb (1959): (A-D) S; foliation plotted as poles
from planes. Best-fit great circle, orthogonal axial distributions, and plunge of the F3 fold axis are plotted as a solid line, black
squares, and 7 symbol respectively. (E-F) Sy cleavage plotted as poles from planes. (G-H) Axial planes of Fs folds plotted as
poles from planes with corresponding orientation of Fz fold hinges from the Olympias area and Stratoni fault footwall domain.
(I-]) Axial planes of Fs folds plotted as poles from planes with corresponding orientation of Fs fold hinges from the Skouries
area and Stratoni fault hanging-wall domain. (K-L) S1-Ss foliation intersection. (Ls) Lineations plotted as lines. (M-N) S folia-
tion plotted as poles from planes. Abbreviations: FW = footwall, HW = hanging wall.
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Loy 2

Fig. 4. Photos of representative ductile structural elements from the Kassandra mining district. (A) Outcrop of folded
Kerdilion marble on the Varvara-Olympiada road north of the Olympias deposit. This outcrop displays the relationship of S
foliation defined by compositional layering reworked into a tight Fs fold. A ptygmatically folded pegmatite dike is also evident.
Subhorizontal axial planar S; cleavage and crosscutting subvertical Sz cleavage are illustrated and shown in detail in (G). (B)
Metapelitic lithology within the Vertiskos unit in the Skouries area displaying a pronounced Sz crenulation cleavage associated
with parasitic Fs folds. (C) Tight Fs folds in quartz-rich biotite gneiss belonging to the Vertiskos unit exposed south of the
Piavitsa prospect. (D) Tight F2 folds in a granite gneiss sill located within the immediate footwall of the Stratoni fault zone east
of Stratoni. A shallow S-dipping axial plane is implied. Field of view is approximately 10 m. (E) Outcrop exhibiting S1-Ss folia-
tion intersections and the resulting Ly intersection lineation developed within the Kerdilion marble north of the Olympias
deposit. (F) Ly intersection lineations developed in quartz-rich micaceous schist of the Vertiskos unit in the Skouries area. (G)
Close-up of image (A) showing the relationship of steeply dipping Ss pressure solution cleavages with subhorizontal S, axial
planar cleavage. (H) Kink fold warping S; foliation in quartz-rich biotite gneiss in the Skouries area.
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axial planes (Fig. 4C, D). In the northern domain, Fs folds
in outcrop verge either northeast or southwest and uniformly
plunge gently south-southeast to east-southeast (Fig. 3G, H).
S1 foliation poles from the Olympias area form a well-devel-
oped girdle distribution that defines a shallow SE-plunging
F; fold hinge (Fig. 3A) subparallel to the plunge of F» folds
(Fig. 3H). Field relationships and a bimodal distribution of
S1 foliation poles defining fold limbs within the footwall of
the Stratoni fault zone define an upright and shallow ESE-
plunging Fs antiform (Fig. 3B; Nebel et al., 1991; Gilg, 1993;
Gilg and Frei, 1994; Haines, 1998). Axial planes of parasitic
F; folds mostly dip shallowly to the south (Fig. 3G). In the
southern domain, outcrop patterns and S foliation poles show
a bimodal distribution that defines a NW-SE—striking F» anti-
form exhibiting an open geometry with a steep SSW-dipping
axial plane that plunges shallowly to the east-southeast (Fig.
3D). Parasitic Fs folds display axial planes that mostly dip to
the south-southwest on the southern limb with a minor popu-
lation of steep NNE-dipping axial planes on the northern limb
(Fig. 3I). Previous identification of this district-scale fold as
a major synform (e.g., Frei, 1995) is not supported by field
observations in this study.

A pronounced Ly lineation resulting from the intersection
of S foliation with Sy cleavage is evident in the marbles north
of the Olympias deposit (Fig. 4E). This linear fabric forms on
Ss cleavage planes and plunges gently to the southeast (Fig.
3K), subparallel to the orientation of Fs fold axes. Within the
southern domain, L intersection lineations are commonly
developed in metapelitic units (Fig. 4F) and similarly result
from the intersection of S foliation and S; axial planar cleav-
age. Lo intersection lineations in the southern domain also
plunge shallowly to the southeast (Fig. 3L).

Ds deformation: A widely spaced NW-striking Ss fabric
occurs in both northern and southern domains (Fig. 4G). This
low-strain fabric forms as a steep NE- or SW-dipping pres-
sure solution cleavage in marble or manifests as thin cleavage
domains that discretely warp S1 and Ss foliation in metapelitic
layers but may also occur as anastomosing fractures in mica-
poor granitic gneiss. Ss foliation is best developed in marbles
north of the Olympias deposit and within the metapelitic lith-
ologic units within the southern domain (Fig. 3M, N). Locally
persistent kink-style folds are evident in the Skouries area and
are likely associated with the D3 deformation event (Fig. 4H).

Muylonitic shear zones: Moderate- to shallow-dipping ductile
mylonitic to protomylonitic shear zones commonly exploit peg-
matite and fine-grained granite dikes and sills (referred to as
aplite in the mine terminology) that are exposed underground
in the Madem Lakkos mine (Haines, 1998) and in the Olym-
pias deposit. These shear zones postdate peak metamorphic
fabrics (S1, S2) and have an associated greenschist-facies min-
eral assemblage of fine-grained muscovite-chlorite. Mylonites
exhibit kinematic criteria that imply at least two phases of duc-
tile shear associated with an older contraction and a younger
extensional event. The latter is described in context of the
Olympias area and Stratoni fault zone in the following sections.

At the Madem Lakkos mine, a S-dipping 1.5-m-wide
mylonitic shear zone occurs approximately 200 m into the
footwall of the Stratoni fault zone and is hosted by a pegmatitic
sill at the contact between marble and amphibolite (Haines,
1998). Asymmetric S-C fabrics, isoclinal intrafolial folds, and
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drag folds at the shear zone margin document reverse top-
to-the-north-northeast sense of shear (Haines, 1998). Folded
and boudinaged marble and mylonitized granite gneiss are
thrust imbricated toward the north-northeast, implying that
the fold and boudinage event predated or was outlasted by
mylonitic reverse faulting. Mylonitization at lower amphibo-
lite- to upper greenschist-facies metamorphic conditions is
inferred by Haines (1998) based on mineralogy and ductile
deformation textures. Rare mylonitic shear zones exhibit-
ing similar characteristics and reverse top-to-the-northeast
sense of shear also occur in the Olympias area, although their
respective timing is uncertain.
Olympias Area

The Olympias deposit lies 1 km west of the village of Olym-
piada and approximately 6 km north of the Stratoni fault zone
(Fig. 2). Previous studies on the Olympias deposit have princi-
pally described ore mineralogy and the physiochemical condi-
tions of ore deposition (Kalogeropoulos et al., 1989; Kilias et
al., 1996), with a limited number of unpublished consulting
reports focused on describing the structural framework of the
deposit. This section presents a revised deposit-scale geologic
map and cross section (Fig. 5A, B) with detailed descriptions
of ductile and brittle structures combined with kinematic
analyses of major faults within the Olympias area.

The Olympias deposit

The Olympias orebodies consist of massive sulfide and silici-
fied cataclastic breccias hosted by a less than 150-m-thick
marble unit that is conformably interlayered within a body of
garnet-bearing quartzofeldspathic biotite gneiss of the Kerdil-
ion unit. The marble layer is similar to the marble horizon
that hosts the Madem Lakkos and Mavres Petres deposits
(Kalogeropoulos et al., 1989; Gilg, 1993; Kilias et al., 1996).
Ore mineralogy consists of sphalerite-galena—dominant mas-
sive sulfide that grades into pyrite-rich intervals with variable
amounts of arsenopyrite and trace chalcopyrite (Fig. 6A, B).
Massive to banded Ag-Zn-Pb sulfide ore locally transitions
into Au-rich arsenopyrite-bearing sulfide and arsenopyrite-
boulangerite-bearing silicified breccia ore types, with diffuse
zones of disseminated pyrite and arsenopyrite associated with
quartz-rthodochrosite + rhodonite alteration of the surround-
ing wall rock. Auriferous arsenopyrite lenses and silicified
breccias containing rhodochrosite-rhodonite mostly occur
in the upper northern portions of the Olympias deposit and
generally crosscut the massive sulfide where both ore types
occur together. Mineralized breccias include those contain-
ing a chalcedonic quartz- or carbonate-dominated matrix with
sulfide minerals and younger cataclastic breccias where the
matrix consists of comminuted sulfide grains.

Sulfide bodies occur as coarse-grained lenses of composi-
tionally banded sulfide that have discordant and crosscutting
contacts with respect to marble and S; foliation (Kalogero-
poulos et al., 1989; Kilias et al., 1996; Siron et al., 2016).
Orebodies commonly display internal banding that locally
mimics folded marble layers (Kalogeropoulos et al., 1989).
Sulfide intervals that appear folded are largely unstrained and
therefore interpreted to have formed from the pseudomor-
phic replacement of preexisting Fs folds (Siron et al., 2016).
Mine data shows that the geometry of the Olympias orebody
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is strongly influenced by the morphology of the hosting mar-
ble-gneiss sequence. Individual sulfide lenses form elongate,
cigar-like shapes with their long dimension oriented in a
southeast direction (Veligrakis and Dalampiras, 2016). At the
deposit scale, the modeled sulfide orebody plunges approxi-
mately 19° at an azimuth of 150° southeast subparallel to the
mean plunge of the Fs fold hinge and Ls intersection linea-
tion, as shown in Figure 3H and 3K, respectively.

Olympias sulfide ore is locally associated with a postdefor-
mation igneous breccia within the footwall of the Kassandra
fault (Fig. 6C). This breccia body is composed of granite and
quartz-rthodochrosite—altered marble fragments supported by
a matrix that is compositionally similar to the granite clasts
(Fig. 6D). Sulfide within the matrix of the breccia suggests
a close timing relationship between magmatism, brecciation,
and sulfide deposition and is consistent with a magmatic-
hydrothermal breccia. The timing of emplacement of this
igneous body, however, was not investigated in this study and
is currently unconstrained. Glomerophyric porphyry dikes
that are geochemically and texturally similar to the early Mio-
cene dikes that crosscut the sulfide orebody at the Madem
Lakkos deposit (Gilg and Frei, 1994; Haines, 1998) and the
silicified rhodochrosite replacement body at the Piavitsa pros-
pect similarly crosscut sulfide ore at the Olympias deposit
(Fig. 6E; Kalogeropoulos et al., 1989; Siron et al., 2016).
Brecciated contacts locally developed at dike margins consist
of angular to subrounded fragments of sericite-carbonate—
altered porphyry, quartz-rhodochrosite-altered marble, and
sphalerite-pyrite sulfide clasts (Fig. 6E).

Faults in the Olympias area

Carbonate replacement massive sulfide at the Olympias
deposit shows a close spatial relationship with mylonitic to
brittle faults in contact with the host marble unit (Fig. 5A,
B; Kalogeropoulos et al., 1989). An array of shallow-dipping
mylonitic to protomylonitic shear zones occur throughout the
Olympias deposit and define the earliest stage of postpeak
metamorphic faulting in the area. These ductile shear zones
are transitional with and overprinted by younger fault phases
along the NW-striking Kassandra and N-striking East faults.
Each fault zone exhibits less than 100 m of normal top-to-
the-northeast/east displacement based on the approximate
magnitude of offset between marble and the surrounding
quartzofeldspathic biotite gneiss (Fig. 5B).

Kassandra fault zone: The NE-dipping Kassandra fault
zone occurs on the western margin of the Olympias deposit
and exploits the lithologic contact between graphite-bearing
marble and interlayered quartzofeldspathic biotite gneiss,
pegmatitic granite gneiss, and amphibolite. Underground and
surface drilling has delineated an anastomosing fault zone
comprising a network of narrow fault strands that vary in
thickness from ~1 to 20 m and are traceable for a strike length
greater than 2 km (Fig. 5A). Displacement on the Kassan-
dra fault diminishes downdip as it dissipates into minor fault
strands and en echelon steps, which coincide with sulfide ore-
bodies in the central parts of the Olympias deposit (Fig. 5B).

Ultramylonitic to protomylonitic shear zones, hereafter
referred to as mylonites, are associated with the Kassandra
fault and define the earliest stage of fault deformation in the
Olympias area. Mylonites generally occur as shallow-dipping,
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less than 1-m-wide shear zones that are typically localized
within pegmatite sills and dikes and are focused along the
upper parts of the main marble unit (Fig. 5B). Mylonites
commonly occur subparallel to the local S; foliation at the
downdip terminus of the Kassandra fault and central to the
Olympias deposit (Fig. 5B). Deformation textures developed
within the pegmatite-hosted mylonites consist of rotated
feldspar porphyroclasts that are enclosed by a fine-grained
to aphanitic matrix of dynamically recrystallized quartz (Fig.
7A), whereas those developed in marble display a pronounced
shear fabric with thin, laminar carbonaceous pressure solu-
tion seams defining slip surfaces. Mylonites generally exhibit
a muscovite-chlorite-carbonate mineral assemblage, suggest-
ing formation under greenschist-facies temperature condi-
tions (Fig. 7B). Mylonitic shear zones are laterally transitional
with and commonly superimposed by semibrittle shear zones.
Undeformed replacement-style sulfide and mineralized silici-
fied breccias locally overprint older mylonitic shear zones and
typically display sharp and discordant contacts with respect to
the tectonic fabric (Fig. 7C).

Foliated, semibrittle shear zones that developed within
quartzofeldspathic biotite gneiss within the Kassandra fault
(Fig. 7D) are polymict and clast supported, containing sub-
rounded fragments of the host lithology and pegmatitic
granite gneiss. The shear fabric is typically fine grained with
foliated domains consisting of pale-green hydrothermal mus-
covite-dolomite-quartz and disseminated pyrite with variable
amounts of euhedral arsenopyrite (Fig. 7TE). Semibrittle faults
developed in marble are monomict, containing corroded and
rotated clasts in between carbonaceous pressure solution fab-
rics. These shear zones are accompanied by base metal sul-
fides, which in part define the tectonic fabric. Mineralized
semibrittle faults may become overprinted by younger cata-
clastic breccias and fault gouge. Silicified cataclastic breccias
within the Kassandra fault commonly contain disseminated
pyrite = galena-sphalerite-arsenopyrite or may be composed
of a sulfide-dominated matrix resulting from the comminu-
tion of preexisting sulfide layers (Fig. 7F). These mineralized
breccias are also spatially associated with quartz-rhodochro-
site + rhodonite veins.

East fault zone: Surface mapping and underground drill
holes from the eastern portion of the Olympias deposit define
the 5- to 20-m-wide East fault zone with a north-south strike
extent greater than 1 km (Fig. 5B). Mylonites generally occur
in the footwall of the East fault but are less abundant than in
the Kassandra fault area to the west. Foliated, semibrittle shear
zones and silicified cataclastic breccias similarly define the East
fault (Fig. 7G). NNW- to N-striking gouge-filled faults and
fracture zones are pervasive within the East fault (Fig. 7TH).
Younger clay-altered and gouge-filled faults overprint the older
mylonitic and semibrittle shear zones as well as the sulfide and
silicified cataclastic breccia bodies. Postmineral faults, while
recognized throughout the Olympias area and particularly evi-
dent within the East fault zone, resulted in only minor displace-
ment of the sulfide orebodies toward the east.

Quartz-rich breccias: Silicified, chalcedonic quartz-rich
breccias occur as N-S—striking fault-filled structures that crop
out on the southeast margin of the Olympias deposit (Fig. 7).
These zones are commonly accompanied by quartz-rhodochro-
site veins, which are typically identified by a sooty, weathered



320

SIRON ET AL.

477500 mE
480000 mE

0 mN

479000 mE
479500 mE
480000 mE

=

4493000 mN

P

To Varvara

4492500 mN

4492000 mN

4491500 mN

To Olympiada

S

I [ 25

Jurassic (?) Rift-related Rocks

- Gabbro, amphibole-bearing pyroxenite,
massive and non-foliated

- Amphibolite, layered and foliated

Permo-Carboniferous to Jurassic
Kerdilion Unit

Quartzo-feldspathic hornblende-biotite
gneisses; abundant pegmatites

[]
[]

I:I Marble, graphitic, layered to massive

Plagioclase-microcline granite gneiss
(pegmatitic to aplitic)

; Normal fault; mylonitic
Massive Sulfide to brittle cataclastic

Map Symbols

Fault, dashed where approx., marker
indicating dip

Quartz-rich breccia, dashed where
approx., marker indicating dip

A5 Strike-dip of SI foliation
P Olympias portal

Surface projection of Olympias
orebody

Cross Section Symbols

\ OL-353 b

Drill hole, arrow indicates

projection of drill hole out of section ~ (refer to text)

Location of photo
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appearance with localized silicification of the adjacent meta-
morphic wall rock. Quartz-rich breccias are matrix supported
and consist of previously sericite-altered, subangular to angular
clasts of granitic gneiss that are chaotically interspersed with
marble and sulfide fragments. The matrix is composed of dark-
gray chalcedonic quartz containing fine-grained, disseminated
euhedral pyrite and bladed arsenopyrite. Quartz-rich breccias
can be Au rich, locally containing up to 19 g/t Au. The cha-
otic breccia texture and flinty quartz matrix is distinctive and
broadly similar to the silicified breccias intercepted in drill core
and adjacent to the Kassandra and East faults.

Kinematic analysis

Kinematic indictors developed within the mylonitic shear
zones, where observed in drill core, imply a normal sense of
shear when reoriented with respect to S; foliation (e.g., north-
south). This is consistent with the normal eastward-displaced
lithologic relationships and sense of shear on the Kassandra and
East faults (Fig. 5B). An underground exposure of a mineral-
ized segment of the Kassandra fault displays two sets of slicken-
lines. One set rakes obliquely across the fault surface (Fig. 7D),
resulting in left-lateral displacement and a NE-directed princi-
pal axis of extension (Fig. SA). A younger and more extensive set
of slickenlines indicate normal dip-slip displacement resulting
from an ENE-directed principal axis of extension (Fig. 8A). At
surface, minor faults displaying centimeter-scale displacement
and shear-related drag folds of S foliation in quartzofeldspathic
biotite gneiss are kinematically compatible with the younger set
of slickenlines observed underground.

The East fault similarly displays normal top-to-the-east
movement, as indicated by displaced lithologic relationships
in the cross section in Figure 5B. Kinematic fault-slip data
collected from surface exposures of the East fault records
two generations of fault deformation superimposed on the
older lithified cataclastic and mylonitic fault rocks (Fig. 8B).

Slickenlines developed on a clay-altered segment of the East
fault at the southern end of the Olympias deposit record
oblique left-lateral displacement controlled by a NE-directed
principal axis of extension (Fig. 8B). A second set of younger
(?) gouge-filled faults crosscutting pegmatitic granite gneiss
and quartzofeldspathic biotite gneiss display groove marks
that indicate oblique right-lateral displacement controlled by
an ESE-directed principal axis of extension (Fig. 8B).

Fault-slip data from auriferous fault-filled quartz-rich brec-
cias collected on surface (Fig. 7I) exhibit near-vertical slick-
enlines and quartz mineral fiber growths along vein segments
that imply normal movement with a minor component of
either left- or right-lateral oblique slip (Fig. 8C). The shallow
SE-plunging extensional strain axis corresponds to a discrete
northwest-southeast extensional event that was associated
with this style of mineralization in the Olympias area.

Stratoni Fault Zone

The Madem Lakkos and Mavres Petres deposits contain
marble-hosted replacement Au-Ag-Zn-Pb-Cu massive to
semimassive sulfide, quartz-rich disseminated Au-Ag-As-
Pb-Zn-Cu sulfide, minor Cu skarn, and Au-rich quartz-rho-
dochrosite vein-breccia bodies, which occur throughout the
Stratoni fault zone but are the dominant style of mineraliza-
tion at the Piavitsa prospect. These orebodies are temporally
and spatially associated with Oligo-Miocene igneous rocks
and the ductile to brittle Stratoni fault zone (Fig. 9; Gilg and
Frei, 1994; Haines, 1998). This section describes the sulfide
deposits that occur within the Stratoni fault zone with detailed
structural observations and kinematic analyses of this fault
system.

Ore deposits of the Stratoni fault zone

The Madem Lakkos deposit: The Madem Lakkos deposit lies
2 km northwest of the village of Stratoni (Fig. 9) and consists
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Fig. 6. Photos of representative mineralization styles and structural features from the Olympias and Mavres Petres deposits.
(A-B) drill core intercepts from the Olympias deposit showing rod-textured arsenopyrite-pyrite and massive arsenopyrite
replacing banded sphalerite (A) and quartz-rich, coarse-grained, and banded arsenopyrite-sphalerite-pyrite with calcite infill
(B). (C) Underground exposure of igneous breccia from the —45 level at the Olympias mine. Field of view is approximately
2.5 m. (D) Close-up of image (C) showing the granitic composition of the breccia matrix. (E) Olympias drill core intercept of
altered glomerophyric porphyry dike with phreatic breccia at its margins containing sulfide clasts. (F) Underground exposure
of undeformed pyrite-rich massive sulfide from the Mavres Petres mine. Note the relict fold textures of the host marble pre-
served by the sulfide lenses. (G) Mineralized quartz-arsenopyrite-stibnite-boulangerite-bearing breccia crosscutting pyrite-
sphalerite-rich massive sulfide. Stringer zones of arsenopyrite partially replace previously deposited sulfide. Image from an
underground exposure at the Mavres Petres mine. Field of view is roughly 2 m. (H) NE-trending late-mineral rhodochrosite-
rhodonite veins filling dilatant shear zones at the Mavres Petres mine. These veins crosscut sulfide mineralization and contain
minor quantities of sulfide. Abbreviations: Asp = arsenopyrite, Cal = calcite, Ga = galena, Py = pyrite, Qtz = quartz, Sp =
sphalerite.
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Fig. 7. Photos of representative fault styles in the Olympias deposit area. (A) Mylonitic pegmatite sill located at the base of a
massive sulfide interval at the downdip terminus of the Kassandra fault. (B) Example of shear band hosted by a pegmatitic gneiss
and composed of sericite-chlorite mineral assemblage. (C) Unstrained galena-pyrite semimassive sulfide and associated Fe
carbonate discordantly replacing the mylonitic shear fabric in marble. (D) Underground exposure of the mineralized Kassandra
fault from the —203 production level. Direction of tectonic transport is indicated by the arrow. (E) Mineralized strand of the
Kassandra fault hosted in a pegmatitic granite gneiss. Note the green hydrothermal muscovite with intergrown sphalerite, pyrite,
and arsenopyrite. (F) Silicified breccia containing clasts of sericite-altered granite gneiss and mineralized arsenopyrite-bearing
quartz-matrix breccia, enclosed by a fine-grained and comminuted sulfide-rich matrix. (G) Foliated, semibrittle shear zone in
marble containing pyrite localized along graphitic pressure solution fabrics. The lower drill core image represents a semibrittle
fault overprinted by a quartz- and calcite-cemented hydrothermal breccia from the lower section of the East fault. (H) Surface
exposure of the East fault with dashed line illustrating the principal slip surface. (I) Outcrop of quartz vein breccia exposed at the
southeast end of the Olympias deposit. Direction of tectonic transport is indicated by the arrow. Abbreviations: Ank = ankerite,
Asp = arsenopyrite, Ga = galena, Ms = muscovite, Pl = plagioclase, Py = pyrite, Qtz = quartz, Sp = sphalerite.
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Kassandra fault
Early slickenlines (black, n=1)

Late slickenlines (blue, n=2)
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Clay-altered (black, n=1)

Late, gouged-filled (blue, n=2)
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A

Auriferous quartz-rich
breccias (n=6)

Fig. 8. Lower-hemisphere, equal-area stereographic projections of fault kinematic data from the Olympias deposit area.
Fault planes and slip vectors are represented by great circles and arrows, respectively. Kinematic strain axes are plotted as
squares and numbered according to the principal extension axis (1), the principal shortening axis (3), and the orthogonal
intermediate axis (2). (A) Kinematic strain data from an underground exposure of the mineralized Kassandra fault is plotted as
squares. The kinematic axes that describe the latest movement recorded on the Kassandra fault are represented by triangles.
(B) Kinematic data from a clay-altered (late-mineral?) segment of the East fault is plotted as squares. The kinematic axes
that describe the postmineral segment of the East fault are represent by triangles. (C) Fault kinematic data from outcrops of

variably mineralized, auriferous quartz-rich breccias.

of skarn- and replacement-style sulfide hosted mainly within
marble of the Kerdilion unit (Nebel, 1989; Nebel et al., 1991;
Gilg, 1993; Gilg and Frei, 1994; Haines, 1998; Hahn, 2014;
Siron et al., 2016). Unstrained sulfide ore is commonly local-
ized at marble-granite gneiss contacts but may also occur as
replacement bodies in gneiss (Haines, 1998). Previous work
has shown that sulfide orebodies are spatially related to post-
deformation granite dikes, referred to as aplite in the mine
terminology. Orebodies are controlled by extensional faults
and the closure of a prominent ESE-plunging F» antiform
within the footwall of the Stratoni fault zone (Nebel et al.,
1991; Gilg, 1993; Gilg and Frei, 1994; Haines, 1998; Siron et
al., 2016).

The Madem Lakkos deposit displays a complex mineral-
ization history involving an early phase of carbonate replace-
ment massive sulfide, minor skarn, and a younger phase of
quartz-rich sulfide mineralization. Early sulfide consists of
galena-sphalerite-pyrite-pyrrhotite-arsenopyrite that forms
replacement bodies displaying concordant to irregular con-
tacts with respect to marble layers and S foliation (Haines,
1998). Early sulfide ore is partially overprinted by the younger
sulfide phase consisting of prismatic quartz-pyrite + arseno-
pyrite-sphalerite-galena-chalcopyrite and a variety of sulfosalt
minerals (e.g., boulangerite). This style of mineralization was
termed disseminated sulfide in previous studies and contrib-
uted the majority of the ore mined from the Madem Lakkos
deposit (Nebel et al., 1991; Gilg, 1993; Haines, 1998). Quartz-
rhodochrosite + rhodonite vein and vein breccias crosscut the
sulfide orebodies (Gilg, 1993; Haines, 1998), a paragenetic
relationship similar to the Olympias deposit. Volumetrically
minor pyrite- and Cu-bearing calcic and magnesian skarns are
present locally at surface and at depth on the eastern mar-
gin of the Madem Lakkos deposit. Skarn-related sulfide ore
occurs within marble adjacent to the Vathilakkos fault (Fig.
10A) and within granitic and quartzofeldspathic biotite gneiss

adjacent to the Stratoni granodiorite stock (Gilg, 1993). The
timing relationship between these skarn occurrences and the
carbonate replacement sulfide ores remains unclear.

Replacement orebodies in the Madem Lakkos deposit are
principally restricted to the footwall of the Stratoni fault zone
and are localized at ductile-brittle fault contacts and hinge
zones of ESE-plunging F» folds associated with the Madem
Lakkos antiform (Fig. 10A; Nebel, 1989; Nebel et al., 1991;
Gilg, 1993; Gilg and Frei, 1994; Haines, 1998). Outcrop pat-
terns and the distribution of S; foliation poles in the footwall of
the Stratoni fault zone demonstrate an upright geometry and
a steep SSW-dipping axial plane of the Madem Lakkos anti-
form (Fig. 3B). Mine data shows that ESE-plunging Fs fold
hinges in part controlled the distribution of sulfide ore within
the Madem Lakkos deposit. Sulfide ore overprints thrust-
related mylonitic fabrics in the Stratoni fault zone, including
the younger and more extensive extensional mylonites. In the
southern part of the Madem Lakkos deposit, sulfide orebodies
are hosted by steeply S dipping marble lenses, which are con-
trolled by S-dipping strands of the Stratoni fault zone (Haines,
1998).

Fine-grained to pegmatitic granitic dikes, which have local-
ized mylonitic deformation in the footwall of the Stratoni fault,
are spatially associated with replacement sulfide ore (Haines,
1998). Granitic intrusions also locally crosscut the massive
sulfide orebodies and are reported to have been affected by
later stages of alteration and sulfide mineralization within the
Madem Lakkos deposit (Gilg, 1993; Haines, 1998). The struc-
tural, spatial, and relative timing relationships of sulfide ore
with granite bodies at the Madem Lakkos deposit are broadly
similar to the Olympias deposit.

The Mavres Petres deposit: The Mavres Petres carbonate
replacement sulfide deposit is located ~1 km to the west of
the Madem Lakkos deposit (Figs. 9, 10A). Sulfide orebodies
are largely restricted to the Stratoni fault zone and are hosted
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Igneous Rocks

Black-matrix porphyry dike (19.2 Ma;
Siron et al., 2016)

- Glomerophyric porphyry (~20 Ma;
Siron et al., 2016)

- Granodiorite, porphyritic and foliated
(Late Paleocene to early Eocene)

Jurassic Rift-related Rocks

Amphibolite with interlayered gabbro
- and amphibole-bearing pyroxenite,
massive and non-foliated

Permo-Carboniferous to Jurassic
Kerdilion Unit

I:I Quartzo-feldspathic hornblende-biotite
gneisses; abundant pegmatites

I:l Plagioclase-microcline granite gneiss
(pegmatitic to aplitic)

- Carbonaceous quartz-biotite gneiss

I:l Marble, graphite-bearing, layered to
massive, locally recrystallized

- Massive sulfide (cross section)

2

Alteration and Mineralization

. Wollastonite-tremolite-epidote + pyrite skarn

Map and Cross Section Symbols

Mylonitic to semi-brittle, and brittle
cataclasite (Stratoni fault zone)

Fault, dashed where approx., marker
indicating dip
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Fig. 10. (A) Detailed geologic map of the Madem Lakkos and Mavres Petres deposits. Mapping was conducted at 1:5,000
scale and based largely on surface outcrops. (B) Cross section B-B' of the Mavres Petres deposit defined by surface mapping
and underground drill core. Inferred displacement on the Stratoni fault zone is shown by offset marble as indicated by dashed

lines. Coordinates are displayed in the Greek Geodetic Coordinate System (GGRS 87 Greek Grid).
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by marble lenses that are complexly imbricated with graphite-
bearing quartz-biotite gneiss and schists, granite gneiss, and
amphibolite. The marble unit is interpreted to be equivalent
to the marble that hosts the Madem Lakkos and Olympias
deposits (Kalogeropoulos et al., 1989). As currently known,
the Mavres Petres deposit has a strike length greater than
1 km and a downdip extent exceeding 700 m from surface and
forms semicontinuous sulfide replacement bodies that mantle
and fully replace marble lenses between strands of the Stra-
toni fault on the southwest limb of the Madem Lakkos anti-
form (Fig. 10B). Sulfide textures and mineralogy are similar to
Madem Lakkos and the Olympias deposits. Silicified Fe-Mn
oxide gossans and pods of massive sulfide form the surface
expression of the deposit on the exposed dip-slope segment
of the Stratoni fault zone above the village of Stratoniki (Fig.
10A) in an area that was the focus of ancient mining (Sagui,
1928).

The Mavres Petres sulfide ores consist of massive to
banded, coarse-grained pyrite-sphalerite-galena accompanied
by minor accessory arsenopyrite-stibnite and trace chalcopy-
rite (Fig. 6F). Pyrite-sphalerite—dominant massive sulfide is
compositionally gradational with domains of massive arse-
nopyrite in the western sector of the orebody. Bladed pyrite
occurring within sphalerite-rich banded sulfide is developed
locally and resembles the rod-textured pyrite that occurs in
the Olympias orebody (Siron et al., 2016). Younger cataclastic
breccias related to mineralized strands of the Stratoni fault
zone locally crosscut sulfide ore (Fig. 6G). Quartz-rich sul-
fide pods and silicified breccias containing fibrous to acicular
boulangerite and arsenopyrite occur in close association with
quartz-rthodochrosite veins (Fig. 6H) and vein breccias, which
commonly exhibit elevated Au grades. Both silicified breccias
and quartz-rhodochrosite vein breccias overprint the sulfide
orebodies, demonstrating similar textural relationships and
paragenesis to the Madem Lakkos and Olympias deposits.

—~
Q
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S
=

~

The Piavitsa prospect: The Piavitsa prospect occurs 3 km
west of the Mavres Petres deposit within the Stratoni fault
zone (Fig. 9). Carbonate replacement semimassive sulfide
with more extensive Au-bearing quartz-rhodochrosite vein
breccias occur in the Piavitsa area. Outcrop and drill core
intercepts outline a broad WNW-striking set of faults with
secondary N-striking splays that collectively define the west-
ern segment of the Stratoni fault zone. Outcropping quartz
Mn-rich replacement bodies form the surface expression of
discontinuous sulfide zones at depth. These sulfide bodies are
largely restricted to marble lenses entrained within the Stra-
toni fault zone in a setting similar to the Mavres Petres deposit.
Gold-bearing quartz-rhodochrosite + rhodonite veins and
vein breccias are principally hosted by hanging-wall quartz-
muscovite-carbonate-pyrite—altered, graphite-bearing quartz-
biotite-garnet schists, gneiss, and interlayered amphibolites.
Gold mineralization is generally localized where fault splays
obliquely intersect major strands of the Stratoni fault zone.
Quartz-rhodochrosite veins intercepted in drill core locally
exhibit a crustiform texture and commonly contain dissemi-
nated pyrite + galena-sphalerite-arsenopyrite-boulangerite,
similar to veins in the upper parts of the Olympias and Mavres
Petres deposits. Widely spaced veins, similar in mineralogy
and texture to those in drill core, occur ~2 km south of the
Piavitsa prospect in association with steep W- and E-dipping
faults, which accommodate centimeter-scale normal displace-
ment as indicated by offset compositional layers within the
gneiss sequence.

Previous tectonic interpretations of the Stratoni fault zone

The area that defines the Stratoni fault zone has been viewed
as the tectonic boundary between the Rhodope Kerdilion
unit and the Serbo-Macedonian Vertiskos unit (Kockel et al.,
1977). Burg et al. (1995, 1996) interpreted the Kerdilion-Ver-
tiskos contact as a S-verging thrust fault, whereas Kounov et
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al. (2015) shows this boundary as the southeastern extension
of the Kerdilion detachment fault, which controlled exhuma-
tion of the southern Rhodope core complex (e.g., Brun and
Sokoutis, 2007). Zircon U-Pb ages from the metamorphic
basement rocks (Hahn, 2014) with structural and geochemical
data from this study challenge these previous interpretations.

Middle Jurassic amphibolites (Hahn, 2014) of ophiol-
itic origins that occur to the north in the footwall and to the
south in the hanging wall of the Stratoni fault zone (Fig. 9)
exhibit similar structural patterns. Principal component analy-
sis of immobile elements indicates that the amphibolites to
the north and south of the Stratoni fault zone are chemically
indistinguishable and therefore have a common origin (see
Appendix for details). The geochronological, structural, and
geochemical data imply that the amphibolites were tectoni-
cally emplaced into the Kerdilion unit by at least the Middle
Jurassic either during terrane assembly or after accretion and
were later crosscut by normal faults that make up the Stratoni
fault zone. The boundary separating the Kerdilion and Ver-
tiskos units in the Kassandra mining district is therefore not
defined by a middle Eocene detachment fault as suggested
by Haines (1998) and inferred by Kounov et al. (2015) but
rather by an older structure. The terrane-bounding structure
separating the Kerdilion and Vertiskos units and the tectonic
control that imbricated the ophiolitic rocks, however, is cur-
rently undefined within the district.

The Stratoni fault zone

The strongly mineralized and S-dipping Stratoni fault zone is
a continuous mylonitic to brittle fault zone exceeding 12 km
in strike length, extending from the Aegean coast at Stratoni
to the village of Varvara in the west (Fig. 9). Marble lenses
entrained within the Stratoni fault zone are separated from
their likely footwall equivalents by a minimum of 250 m at
the Mavres Petres deposit based on drill core data and cross-
section interpretation (Fig. 10B). An inflection in the strike
direction of the Stratoni fault zone in the Mavres Petres area
reflects the linkage between two individual fault segments
(Fig. 9). Underground exploration drill holes within the
Mavres Petres mine confirm the western continuation of the
Stratoni fault zone as it passes unexposed through the village
of Stagira (Fig. 9). The fault zone is dominated by strongly
carbonaceous rocks toward the west where it is intermittently
exposed at surface in the Piavitsa prospect area and becomes
less evident to the northwest where it likely diminishes near
the village of Varvara (Fig. 9).

In general, the Stratoni fault zone separates quartzofeld-
spathic biotite gneiss, granite gneiss, marble, and minor
amphibolite in the north from amphibolite-dominant units to
the south. The fault zone also crosscuts the lower portion of
the late Oligocene (25.4 + 0.2 Ma) Stratoni granodiorite stock
in the east (Fig. 9; Siron et al., 2016). Graphitic quartz-biotite
gneiss and schist lay structurally above quartzofeldspathic
biotite gneiss and both are gradationally interlayered with
marbles and thin amphibolite units. Fault strands preferen-
tially exploit this graphite-bearing layer, particularly within
the Mavres Petres and Piavitsa areas. Residual carbonaceous
material is localized along pressure solution seams (Fig. 11A,
B) and is spatially associated with the hydrothermal altera-
tion of amphibole, biotite, feldspar, and garnet to muscovite

SIRON ET AL.

and chlorite within the damage zone. Carbonaceous material
derived from the graphite-bearing quartz-biotite layer and
marble is concentrated in areas where deformation and alter-
ation is most intense.

Internal structure of the Stratoni fault zone: The Stratoni
fault zone contains slivers of amphibolite, marble, quartz-
ofeldspathic biotite gneiss, granite gneiss, and graphite-
bearing quartz-biotite schists in the polyphase damage zone
that consists of multiple anastomosing fault strands ranging
from several tens of meters to locally in excess of 100 m in
width. The SSW-dipping ductile mylonitic shear zones that
define the earliest stage of extension within the Madem Lak-
kos deposit exhibit textures and relative timing relationships
consistent with syn- to postpeak metamorphism. Kinematic
indicators including asymmetric S-C fabric, quartz ribbons,
and recrystallized feldspar subgrains associated with strain-
related myrmekites and a biotite-hornblende shear fabric
imply formation within an extensional stress field at lower
amphibolite-facies metamorphic conditions (Haines, 1998).
These mylonitic shear zones are extensively overprinted by
broad deformation zones exhibiting pressure solution fabrics,
which show the development of phyllonitic cleavage defined
by residual carbonaceous material, muscovite, and chlorite.
Drag folds that warp S1 and S; foliation into near parallelism
with the shear zone indicate a component of ductile strain,
whereas the area between individual fault strands is com-
monly disrupted by fracturing and brecciation, reflecting
more brittle styles of deformation.

Overprinting relationships record progressively younger
increments of extensional strain. Semibrittle shear zones are
enriched with carbonaceous material and commonly have a
variably silicified fault gouge matrix that contains subrounded,
asymmetrically rotated clasts of marble, amphibolite, and peg-
matitic to aplitic granite gneiss (Fig. 11C). Mineralized fault
strands are generally altered to a mineral assemblage consist-
ing of hydrothermal muscovite, Fe- and Mg-rich carbonate,
and fine-grained pyrite + galena-sphalerite-arsenopyrite (Fig.
11D). Individual shear zones commonly contain asymmetric
fault-related shear folds exhibiting an isoclinal geometry with
S-dipping axial planes (Fig. 11E). Second-order Riedel shear
fractures occur as an array of synthetic faults that overprint
and internally displace previously developed shear fabric (Fig.
11F). Semibrittle shear zones and spatially associated sulfide
lenses are locally overprinted by fault-hosted veins and clast-
supported cataclastic fault breccias containing subangular to
angular fault-rock fragments cemented by hydrothermal rho-
dochrosite + rhodonite. These breccias may transition later-
ally into quartz-rhodochrosite + rhodonite veins as recognized
at the Mavres Petres deposit and the Piavitsa prospect (Siron
et al., 2016).

Fault-slip surfaces that are late with respect to semibrittle
faults and the sulfide bodies form a complex anastomosing
fault network internal to the Stratoni fault zone. Late- to
postmineral faults typically strike oblique to the previously
developed shear fabric but in general have not accommo-
dated sufficient strain to completely displace principal fault
strands. A prominent postmineral fault surface crops out in
marble above the Madem Lakkos mine and displays a cor-
rugated fault surface with microbreccia striations consisting
of angular to subangular marble fragments supported by a
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Fig. 11. Photos of representative fault styles from the Stratoni fault zone. (A) Outcrop of the ductile-brittle Stratoni fault
zone above the Mavres Petres deposit. Sense of shear is normal and top-to-the-south. (B) Drill core intercept from the Pia-
vitsa prospect of graphite-bearing quartz-biotite gneiss crosscut by a semibrittle carbonaceous shear band bounding quartz-
sericite-carbonate-pyrite alteration. (C) Foliated, semibrittle fault showing well-developed pressure solution fabrics within
a silicified carbonaceous matrix intergrown with pyrite, dolomite, and crystalline hydrothermal muscovite. Sense of shear
is top-to-the-left. (D) Drill core intercept from the Piavitsa prospect showing typical pale-green muscovite, dolomite, and
pyrite alteration replacing graphitic quartz-biotite-garnet gneiss adjacent to a mineralized strand of the Stratoni fault zone.
(E) Microshear folds contained within a major strand of the Stratoni fault zone showing normal sense of shear to the south.
Image taken from an outcrop above the Mavres Petres deposit. (F) Same outcrop of Stratoni fault zone exhibiting synthetic
Riedel shears that crosscut the shear fabric and demonstrate normal southward sense of shear. The pale-green mineral
is hydrothermal muscovite. (G) Outcrop of the postmineral segment of the Stratoni fault zone above the Madem Lakkos
deposit. Microbreccia streaks and tension fractures developed on the fault surface indicate normal sense of shear in a south-
west direction. (H) Outcrop of the Vathilakkos fault showing the faulted contact between granite gneiss to the east and an
early Miocene black-matrix porphyry dike to the west. Abbreviations: Dol = dolomite, Ms = muscovite, Py = pyrite, Qtz =
quartz, Ser = sericite.
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fine-grained carbonate groundmass (Fig. 11G). Similar brittle
faults associated with incremental amounts of displacement
are reported to crosscut the Madem Lakkos massive sulfide
orebody (Haines, 1998) and occur in underground exposures
at the Mavres Petres deposit.

Neotectonic activity within the Stratoni fault zone has pro-
duced a topographically pronounced range front with distinct
S-facing triangular facets (Michailidou et al., 2005). Fault
surfaces commonly occupy areas of previous fault deforma-
tion and are typified by moderate to steep S-dipping fracture
arrays and polished slip surfaces. In the Stratoni area, these
fault surfaces are encrusted by a clast-supported breccia
carapace consisting of hydrothermally altered and sulfide-
bearing metamorphic wall rock and late Oligocene feldspar
porphyry dike fragments that are cemented by a ferruginous
matrix. These iron-rich scabs are interpreted to be ferricrete
breccias that formed by weathering of sulfide-rich rock. Neo-
tectonic faults exposed underground and intercepted in drill
core manifest as narrow fault surfaces or gouge-rich zones
that crosscut sulfide ore and are superimposed on all previous
strain features.

Faults intersecting and oblique to the Stratoni fault zone:
Numerous faults merge into or intersect the Stratoni fault
zone and are observed in surface outcrops and within under-
ground exposures. The most notable of these structures is the
NW-dipping Vathilakkos fault (Fig. 10A). This structure is
about a 1-m-wide network of fractures and gouge-filled brittle
faults cropping out above and within the Madem Lakkos mine
(Fig. 11H). The Vathilakkos fault extends for approximately
2 km to the northeast of the Stratoni fault zone as determined
from drill core and surface traces. The intersection of the
Vathilakkos fault with the Stratoni fault zone is not exposed,
but Haines (1998) describes apparent right-lateral displace-
ment of the Madem Lakkos orebody related to postmineral
movement on this fault. An altered glomerophyric porphyry
dike and an unaltered black-matrix porphyry dike, the latter
dated at 19.2 + 0.2 Ma by zircon U-Pb methods (Siron et al.,
2016), each occur within the Vathilakkos fault. Both dikes
crosscut the Madem Lakkos orebody at depth (Nebel, 1989;
Gilg and Frei, 1994; Haines, 1998). Strands of the Vathilak-
kos fault crosscut the black-matrix porphyry dike (Fig. 11H),
indicating that movement continued after crystallization of

the dike.

Kinematic analysis

The Stratoni fault zone mainly displays normal top-to-the-
south-southwest sense of shear as evidenced by displaced
lithologic units (Fig. 10B) and kinematic criteria (Fig. 12A).
Mineralized WNW- and NNE-striking foliated, semibrittle
shear zones were likely active at the same time based on tex-
tural similarities and the lack of crosscutting relationships and
are therefore treated collectively in this analysis. Kinematic
analyses of S-C shear fabrics and Riedel shear fractures that
developed within the semibrittle shear zones reveal a bimodal
fault-slip distribution that plunges to the south-southeast and
south-southwest (Fig. 12A). Slip vectors developed on NNE-
striking faults occur at the intersection of the two fault sets
(Fig. 12A) and are interpreted to be strain compatible with
the principal WNW-striking faults. While the overall hetero-
geneous fault-slip behavior of the semibrittle Stratoni fault
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zone may be explained by multiple deformation events (Mar-
rett and Allmendinger, 1990), strain incompatibility is likely
best explained by dilation and brecciation processes.

Late- to postmineral faults within the Stratoni fault zone
strike oblique to synmineral semibrittle shear zones or form
splays trending to the north-northwest and north-northeast.
NW-plunging slickenlines on fault surfaces within the Stra-
toni fault zone resulted from largely compatible dextral and
normal dip-slip movement (Fig. 12B). NW-plunging slicken-
lines are similarly recorded on a fault surface from the Gomati
fault zone to the south of the Skouries deposit (Fig. 2), which
also imply right-lateral displacement. These faults convey
a younger extensional episode responding to an E-directed
principal axis of extension (Fig. 12B). The late- to postmin-
eral and mostly brittle Vathilakkos fault in the footwall of the
Stratoni fault zone displays left-lateral displacement on a set
of NE-striking brittle faults resulting from a W-directed prin-
cipal axis of extension (Fig. 12C).

Younger cataclastic breccias and gouge-filled faults that
overprint earlier ductile and semibrittle fabrics record incre-
ments of normal displacement that postdate carbonate
replacement sulfide orebodies. Fluted (corrugated) troughs,
microbreccia streaks, calcite mineral fibers, and extensional
tensile fractures that developed on the fault surface (Fig.
11G) indicate normal top-to-the-southwest transport with a
component of right-lateral oblique movement produced by
a NE-directed principal axis of extension (Fig. 12D). The
youngest faults occupying the Stratoni fault zone display
slickenlines and minor groove marks, demonstrating normal
top-to-the-south-southeast relative movement with a minor
left-lateral strike-slip component produced by an S-directed
principal axis of extension (Fig. 12E). These data agree with
the kinematic axes previously reported from the neotectonic
segment of the Stratoni fault zone (Fig. 12E; Pavlides and
Tranos, 1991).

40Ar/39Ar Geochronology of the Carbonate
Replacement Deposits

Two samples of pale-green hydrothermal muscovite from sul-
fide-bearing semibrittle, phyllonitic shear zones of the Kasan-
dra fault at the Olympias deposit and the Stratoni fault zone
at Piavitsa prospect were dated using the “Ar/*%Ar technique
(see Appendix for analytical methodology and data). Musco-
vite is spatially associated with sulfide ore at the Olympias,
Madem Lakkos, and Mavres Petres deposits and the Piavitsa
prospect. It occurs within and adjacent to mineralized inter-
vals and extends into the metamorphic wall rock for no more
than several meters. Structurally, these micas define the folia-
tion in semibrittle fault strands within the Kassandra fault and
the Stratoni fault zone. Quartz-carbonate + sulfide veinlets
associated with the replacement sulfide bodies crosscut but
are also overprinted by mineralized shear fabrics, implying a
synmineral timing to foliation and mica development. While
there are general spatial, mineralogical, and structural rela-
tionships between hydrothermal muscovite with faults and
sulfide, correlation with a specific style of mineralization
(replacement sulfide or rhodochrosite + rhodonite vein brec-
cias) is not well constrained. Shortwave infrared and powder
X-ray diffraction analyses indicate that the pale-green mica in
the two samples investigated is muscovite.
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Syn-mineral foliated (semi-brittle)
faults within the Stratoni fault zone
(n=20)

Late- to post-mineral Stratoni fault
(solid line, n=3) and Gomati fault
zones (dashed lines, n=3)

331

/

g

Late- to post-mineral Vathilakkos
fault (n=2)

Post-mineral Stratoni fault zone (n=5);
Strymon Valley (SV) & Kerdilion (K)
detachment faults (red circles)

Neotectonic Stratoni fault zone (black,
n=7); data from Pavlides and Tranos
(1991) (red, n=6)

Fig. 12. Lower hemisphere, equal-area stereographic projections of fault kinematic data from the Stratoni fault zone. Fault
planes and slip vectors are represented by great circles and arrows, respectively. Kinematic strain axes are plotted as squares
and numbered according to the principal extension axis (1), the principal shortening axis (3), and the orthogonal intermediate
axis (2). (A) Kinematic data from semibrittle and synmineral segments of the Stratoni fault zone. (B) Late- to postmineral
strand of the Stratoni fault zone (solid line) and kinematically equivalent deformation from the Gomati fault zone (dashed
lines). (C) Late- to postmineral Vathilakkos fault. (D) Postmineral corrugated fault segment within the Stratoni fault zone at
the Madem Lakkos deposit. Kinematic criteria from the Kerdilion (K) and Strymon Valley (SV) detachment faults (Dinter,
1998) are shown as red circles for comparison. (E) Neotectonic faults within the Stratoni fault zone from this study are plotted
in black with data from Pavlides and Tranos (1991) represented in red. Note the coincident position of the kinematic strain

axis for each set of data.

Results

Sample OL559 (252 m) was collected from drill core, which
intercepted a phyllonitic shear band crosscutting pegmatitic
granite gneiss associated with the Kassandra fault at the Olym-
pias deposit (Fig. 7TE). Muscovite defines a lenticular shear fab-
ric and forms euhedral to subhedral grains reaching 500 gm in
length and is intergrown with domains of quartz-carbonate and
euhedral fine-grained masses of pyrite, sphalerite, and arseno-
pyrite (Figs. 7E, 13A). Step-heating analysis of mica yielded
an overall flat °Ar/9Ar spectrum with a plateau age of 22.6 +
0.3 Ma, including ~80% of total 3Ar released (mean square of
weighted deviates [MSWD] = 4.33; Fig. 13B). Isotopic distur-
bance in the initial three steps may be attributed to excess “Ar
or recoil effects possibly due to a fraction of fine-grained mica
within the sample. We interpret this date as the crystallization
age of the mica and, by association, a minimum age of hydro-
thermal alteration, which was coeval within carbonate replace-
ment sulfide ore at the Olympias deposit.

Sample PVD131 (290 m) was collected from a drill core
intercept of a pervasively altered and mineralized segment of
carbonaceous quartz-biotite gneiss immediately adjacent to
semibrittle fault strands within the western segment of the
Stratoni fault zone at the Piavitsa prospect (Fig. 11D). Musco-
vite occurs as euhedral to subhedral and mixed fine- to coarse-
grained (greater than 500 gm) masses that are intergrown with
bands of disseminated euhedral pyrite with lenticular quartz
and dolomitic carbonate domains that define the shear fabric
and alteration associated with sulfide ore (Fig. 13C). Step-heat-
ing analysis of an aliquot consisting of ~15 gr yielded a saddle-
shaped “0Ar/*Ar age spectrum with a short, flat segment at its
trough (steps 3-7) corresponding to an age of 24.0 + 0.6 Ma,
including ~62% of total Ar released (MSWD = 5.20; Fig.
13D). Increasing ages from the higher-temperature steps may
reflect inherited “°Ar potentially derived from wall-rock micas.
The plateau is interpreted as the minimum crystallization age of
the mica and a minimum age of hydrothermal alteration associ-
ated with the replacement sulfide bodies in the Piavitsa area.
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Fig. 13. Representative photomicrographs and step-heating Ar-release patterns for samples from the Olympias deposit and
Piavitsa prospect. (A-B) Photomicrograph and Ar-release spectrum of sample OL559 (252 m) from a drill core intercept of
the Kassandra fault at the Olympias deposit. An image of this sample is located in Figure 6E. (C-D) Photomicrograph and Ar-
release spectrum of sample PVD131 (290 m) from a drill core intercept adjacent to a mineralized strand of the Stratoni fault
at the Piavitsa prospect. An image of this sample is located in Figure 11D. Abbreviations: Asp = arsenopyrite, Dol = dolomite,

Ms = muscovite, Py = pyrite, Qtz = quartz.

Structure of the Skouries Porphyry Au-Cu Deposit

The Skouries deposit lies 3.5 km north of the village of Megali
Panagia and the Gomati fault zone (Fig. 14A). An early Miocene
timing for porphyry emplacement and Au-Cu mineralization is
constrained by a 20.6 + 0.5 Ma zircon U-Pb crystallization age
and 19.9 + 0.9 Ma “°Ar/%Ar hydrothermal biotite age, respec-
tively (Hahn et al., 2012; Hahn, 2014). These radiometric ages
agree with the 19.0 + 1.0 Ma zircon-uranothorite age of Frei
(1992). Previous studies on the Skouries deposit have largely
focused on the mineralogical and physiochemical conditions of
ore deposition (Eliopoulos and Economou-Eliopoulos, 1991;
Frei, 1995; McFall et al., 2016). Structural studies from the
deposit area are limited to unpublished consulting reports.
The following section presents a revised geologic map and
cross section of the Skouries area that includes the Aspro Lak-
kos porphyry and is based on surface and drill core observa-
tion. Structural measurements of ductile metamorphic fabrics
in the host gneiss and schist and vein orientations from the
Skouries stock were collected from surface outcrops.

The Skouries deposit
The Skouries porphyry Au-Cu deposit is largely hosted by a

composite high-K calc-alkaline to shoshonitic, megacrystic

K-feldspar porphyry intrusion that was emplaced into quartz-
rich micaceous gneiss and schist of the Vertiskos unit (Fig.
14A; Eliopoulos and Economou-Eliopoulos, 1991; Frei, 1992,
1995; Tobey et al., 1998; Kroll et al., 2002; Hahn et al., 2012;
Hahn, 2014; Siron et al., 2016). The mineralized porphyry
intrusion forms a narrow, less than 200-m-diameter, pencil-
like stock that plunges steeply to the south-southwest and
obliquely crosscuts the moderate to steeply NE dipping limb
of a district-scale Fy antiform (Fig. 14A, B). Surface exposures
and drill data indicate that the porphyry stock has a subtle
northeast elongate geometry. Four K-feldspar porphyritic
intrusive phases of quartz monzonite composition comprise
the Skouries stock and are described in Siron et al. (2016).
The relative timing relationships among the porphyry phases
are based on mineralogy, texture, and crosscutting relation-
ships (Tobey et al., 1998; Kroll et al., 2002; Siron et al., 2016).
Margins of the porphyry stock exhibit sharp and discordant
intrusive contacts with respect to S; foliation and Fs folds
developed within the metamorphic host rocks.

Four principal vein stages and associated alteration are
recognized at the Skouries deposit. The oldest vein set is a
dense stockwork to sheeted array of quartz-only, quartz-
magnetite, and magnetite-only stringer veins associated with
pervasive disseminated magnetite and secondary K-feldspar
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alteration (Fig. 15A-C). Introduction of Au-Cu was accompa-
nied by quartz-magnetite-chalcopyrite veins associated with
K-feldspar-biotite-magnetite alteration and by a later cross-
cutting set of sulfide-rich quartz-biotite-chalcopyrite-bornite
+ magnetite veins (Kroll et al., 2002; Siron et al., 2016). Chal-
copyrite-bearing magnetite veins and the later set of quartz-
biotite-chalcopyrite-bornite + magnetite veins mainly occur
within the early and intramineral porphyry phases of the
intrusive stock, while younger porphyry phases may host later
sulfide-rich chalcopyrite-bornite veins (Siron et al., 2016),
particularly deep in the deposit. Mineralized veins also occur
within enclaves of schist between porphyry phases and imme-
diately surrounding the composite porphyry stock. A younger
assemblage of pyrite-carbonate (ferroan calcite-ankerite) +
base metal veins, similar to the “D” veins described by Gus-
tafson and Hunt (1975), are accompanied by fine-grained
white mica-carbonate alteration that envelops veins and
minor fault breccias. These late-stage veins and associated
alteration crosscut all porphyry phases within the stock and
adjacent wall rock (Fig. 15D) but are volumetrically minor.
Widely spaced fractures and faults occur within the por-
phyry stock and the metamorphic wall rock, as observed in
drill core and surface outcrops. Albeit minor, faults crosscut
all porphyry phases, veins, and associated alteration. Faults in
the Skouries area occupy steeply dipping, NW-striking planes
that manifest as narrow, gouge-rich shear zones that are gen-
erally less than 0.5 m in width. Offset of compositional layers
within the metamorphic sequence suggests that these faults
accommodate only minor normal displacement.

Geometry of porphyry-related veins and dikes

Outcrops of the early quartz monzonite porphyry phase con-
taining quartz-magnetite and chalcopyrite-bearing magnetite
veins and associated pervasive K-feldspar-biotite-magnetite
alteration form the surface expression of the Skouries deposit.
These veins are steeply dipping and display a preferential
north-northeast sheeted orientation (Fig. 15E). A volumetri-
cally minor population of shallow-dipping quartz-only and
quartz-magnetite veins associated with K-feldspar-magnetite
envelopes (Fig. 15B) is also present in outcrop and at depth.
These shallow-dipping veins are crosscut by younger, steeply
dipping Cu-bearing quartz-magnetite veins (Fig. 15B, C).
Pyrite-carbonate + base metal veins that occur within a 1-km
radius of the porphyry stock are interpreted to be the distal
expression of the Skouries magmatic-hydrothermal system.
These young and spatially distal veins strike to the northwest-
southeast and north-south (Fig. 15F), oblique to the direction
of S1 foliation and subparallel to the fault-fracture network in
the area.

Late-stage megacrystic K-feldspar porphyry dikes hosted
by gneiss and schist occur within 0.5 km from the Skouries
stock. Porphyry dikes display steeply dipping planar geom-
etries with sharp and discordant contacts with respect to S;
foliation. These dikes typically lack veins, locally exhibit a
weak, albeit pervasive sericite-pyrite alteration, and crosscut
amphibole-magnetite—altered schist adjacent to the porphyry
stock. An anisotropic distribution of porphyry dike orienta-
tions is evident from outcrop with northeast-southwest strikes
predominating and a subordinate set that strikes roughly in an
east-west direction (Fig. 15G).
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Discussion

Deformation history and kinematic evolution of extensional
faulting in the Kassandra mining district

The metamorphic basement rocks belonging to the Permo-
Carboniferous to Jurassic Kerdilion unit and the Ordovician-
Silurian Vertiskos unit within the Kassandra mining district
were affected by at least three synmetamorphic deformation
episodes beginning with an early D; event that resulted in a
penetrative S; foliation accompanied by amphibolite-facies
metamorphism. The D; event reworked the earlier S; pen-
etrative fabrics into tight to open Fs folds with an associated
axial planar Sy cleavage and locally prominent Ly intersection
lineation. A younger and lower-strain D3 event resulted in
an Sz cleavage, which overprinted all earlier ductile fabrics.
D; and Dy fabrics both imply top-to-the-northeast vergence
possibly representing increments of progressive deformation
associated with regional Eocene or older contraction. Con-
tractional ductile deformation likely continued through the
late Paleocene, as evidenced by intrusions that contain a pen-
etrative S foliation.

The Stratoni fault zone originated as a mylonitic normal
fault that was active during regional SW-directed ductile
extension, as demonstrated at the Madem Lakkos deposit
by Haines (1998). Mylonitic shear zones nucleated within a
lithologically complex section of the Kerdilion metamorphic
sequence where the orientation of ductile structural fab-
rics were approximately perpendicular to the principal axis
of extension. Extensional mylonites preferentially exploited
the rheologically weak marble and graphitic metapelite unit
bounded by massive amphibolite to the south with granite
gneiss and quartzofeldspathic gneiss to the north. Mylonitic
shear zones in the Olympias area, however, are less prominent
than within the Stratoni fault zone and are largely restricted
to a diffuse shear zone network between the Kassandra and
East faults. Sharp rheological gradients between quartzofeld-
spathic biotite gneiss and conformably interlayered graphite-
bearing marble units with granitic pegmatite sills established
a stratigraphic control for localizing extensional strain. Based
on textural and kinematic similarities, the mylonitic shear
zones within the Olympias deposit were probably coeval with
extensional mylonites in the Stratoni fault zone. Mylonitic
deformation probably initiated at the onset of regional exten-
sion during the middle Eocene based on apatite and zircon
fission track ages from the Kerdilion detachment fault located
to the west of the Kassandra mining district (Fig. 2; Wiithrich,
2009; Kounov et al., 2015).

Semibrittle faults overprint earlier mylonitic shear zones
in the Olympias area and within the Stratoni fault zone. Tex-
tures suggest that ductile-brittle fault fabrics formed by the
mechanical reduction of grains through cataclastic flow (e.g.,
Sibson, 1977), whereas carbonaceous fault-slip surfaces and
pressure solution (stylolitic) fabric development was facilitated
by volume loss through dissolution mass transfer processes.
Deformation at this time was likely accelerated locally by the
introduction of hydrothermal fluids into the previously devel-
oped mylonitic shear zone (e.g., Cox et al., 2001), resulting
in the formation of a shear-related foliation. Kinematic fault-
strain features showing top-to-the-south normal displacement
along semibrittle strands of the Stratoni fault were controlled
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Fig. 14. (A) Detailed geologic map of the Skouries deposit and surrounding area modified after Kockel et al. (1975, 1977).
Mapping was conducted at 1:5,000 scale and based largely on surface outcrops. (B) Cross section C-C' of the Skouries por-
phyry and the postmineral Aspro Lakkos porphyry is based on surface mapping and drill core. Trace of folded S; foliation is
illustrated by the dotted line. Coordinates are displayed in the Greek Geodetic Coordinate System (GGRS 87 Greek Grid).



REPLACEMENT DEPOSITS OF THE KASSANDRA DISTRICT, GREECE

Southwest (C)
Athos-Volvi Suture Zone

F2 Antiform Axis

Gomati Fault Zone
53

52

s
Rt [
50 /

335

] Northeast (C”)
'-",/ Skouries

40 Aspro Lakkos
60

E W " & S00RL
P I N 30 o NI
7
4 yI— \ - O0RL
7/ ; [ 7 . -
777 5 SOP‘\I:I \
'// i\ ] T 0P-137 | L SR
7 % 7 1 \ \
/ T\race of S1 T ﬂ : ; \//'
+ e S = -1000 RL
U NG \ :(
|
A 8 &3 ~1500 RL
: ‘A\\/\/ Ef\\ f*\ /A
7 ! = 2000 RL
AN L
m m m m @ |- NOoWT m m /NI m m
o o o o o | -~ L] o o N v/ o o
S S S S S J\ J. =] S/ [ S S
S S S S S /- . S S~ S =1
<3 — I @ NN ' o . \J N 0
= o~ o~ o~ o~ o~ ~ o~ ~
< < <+ < < < < < <+

Fig. 14. (Cont.)

by north-south extension (Fig. 16, red circles). Due to limited
exposure, however, kinematic control on the synmineral fault
strands in the Olympias area is less well defined. Kinematic
data from the striated, sulfide-bearing Kassandra fault surface
exposed underground in the Olympias mine indicates control
by a NE-directed extensional strain axis (Fig. 8A), which is
consistent with postmineral deformation.

An east-west extensional event was recorded by a set of
incipiently mineralized fault strands that crosscut massive sul-
fide within the Stratoni fault zone (Fig. 16, green squares).
Kinematic fault-slip data from the Olympias area and the
Gomati fault zone in the south (Fig. 2) also record this tec-
tonic event. Faults demonstrating east-west extension within
the district may correspond to a widespread east-northeast—
west-southwest extensional episode documented by others
workers within the region (e.g., Kilias et al., 1999). This
period of extension may have been episodically prolonged
through the late Oligocene and early Miocene, controlling the
upper crustal emplacement of NNE-trending porphyry dikes,
as well as the Au-bearing quartz-rhodochrosite veins localized
along N- and NNE-trending faults.

Subsequent northeast-southwest extension within the dis-
trict is recorded by brittle faults that crosscut the Mavres
Petres and Madem Lakkos sulfide orebodies and therefore
postdate the carbonate replacement event. Postmineral brittle
faults, such as the corrugated fault scarp that crops out above
the Madem Lakkos mine, are texturally and kinematically
compatible with middle to late Miocene NE-SW-directed
extension (Fig. 16, blue triangles) as documented from other
fault zones in the north Aegean region (Dinter and Royden,
1993; Sokoutis et al., 1993; Dinter, 1998; Kilias et al., 1999).
Fault-slip indicators recording northeast-southwest extension
in the Olympias area are kinematically compatible with post-
mineral fault strands within the Stratoni fault zone and, by
association, reflect middle to late Miocene extension.

Steeply dipping fault surfaces aligned subparallel to the
Stratoni fault zone and displaying SSE-plunging slickenlines
record a final stage of north-south extension (Fig. 16, gray dia-
monds). These faults are differentiated from late Oligocene
semibrittle and mineralized fault strands within the Stratoni
fault zone by their brittle textures, unconsolidated gouge fill,

and overprinting relationship relative to all earlier fabrics and
fault surfaces. Kinematic data that describes this fault set
agrees with published results from neotectonic faults within
the Stratoni fault zone (Pavlides and Tranos, 1991). Gouge-
filled faults and brittle fracture zones that occur at the Olym-
pias deposit are probably coeval with the most recent faults
evident in the Stratoni fault zone. This youngest fault set is
interpreted to have formed by the late Quaternary and may be
related to active tectonism (Pavlides and Tranos, 1991; Kouk-
ouvelas and Aydin, 2002; Pavlides and Caputo, 2004; Micha-
ilidou et al., 2005; Pavlides et al., 2010).

Structural controls and timing of carbonate replacement
and vein-style mineralization

The carbonate replacement sulfide deposits in the district
exhibit morphologies that are influenced by a preexisting duc-
tile structural architecture and the interaction of synmineral
faults with marble host rocks. In the Olympias area, premin-
eral, penetrative L intersection lineations and Fs folds that
developed within the gneisses and marbles contribute to a
structurally enhanced SE-plunging permeability network.
Termination of the Kassandra fault at depth into an en echelon
network of subsidiary shallow-dipping mylonitic to semibrittle
fault strands likely resulted from the lateral transfer of strain
controlled by the rheologically heterogeneous metamorphic
sequence (Fig. 5B). Permeable pathways developed between
the Kassandra and East faults, facilitated by the intersection
of shallow-dipping mylonites with preexisting ductile fabrics,
were exploited by hydrothermal fluids that reacted with mar-
ble to produce replacement sulfide orebodies (Fig. 17A).
Previous studies have concluded that the sulfide orebod-
ies at the Olympias deposit resulted from magmatic fluids
(Kalogeropoulos et al., 1989); however, no definitive source
intrusion was identified. A published arsenopyrite Re-Os age
of 26.1 + 5.3 Ma (Hahn et al., 2012; Hahn, 2014) indicates
an Oligo-Miocene age of sulfide deposition. An undeformed
granitic dike located in the western portion of the Olympias
deposit yielded zircon U-Pb ages between 29.2 + 0.5 and
21.3 £ 0.3 Ma (Hahn, 2014), consistent with a local magmatic
event coeval with ore formation. The mineralized magmatic-
hydrothermal granite breccia body located in the footwall of
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e Sheeted Qtz-Mag +

Cu-Py veins

Skouries porphyry Qtz-Mag-Cu veins
(n=235), measured within stock

N

Subhorizontal -
. Qtz + Mag veins

Pyrite-carbonate veins (n=16) in the
Skouries area, measured in schist and gneiss

N

K-feldspar porphyry dikes (n=11)
peripheral to the Skouries stock

Fig. 15. Representative photos of porphyry-style veins and vein measurement data from the Skouries area. (A) Early quartz
monzonite porphyry phase cropping out in the Skouries open-pit area hosting sheeted quartz-magnetite veins, which strike
northeast. (B) Close-up view of box in (A) showing oxidized Cu-bearing quartz-magnetite veins that crosscut earlier subho-
rizontal quartz + magnetite veins. (C) Drill core example of quartz-magnetite veins crosscutting the early quartz monzonite
porphyry phase. These veins occur at a high angle to core axis (vertical hole) indicating that they belong to the subhorizontal
set. Note the steeply dipping vein, which overprints the shallow-dipping set. (D) Late pyrite-ferroan calcite vein with a pale-
green mica-quartz-carbonate envelope replacing biotite-magnetite—altered schist adjacent to the porphyry stock. (E) Stere-
onet of quartz-magnetite and Cu-bearing quartz-magnetite veins measured from the porphyry stock in outerop. (F) Stereonet
of pyrite-carbonate veins occurring within the Vertiskos unit in the Skouries area. (G) Late-stage K-feldspar porphyry dikes
occurring peripheral to porphyry stock. Stereonets display planar data represented as poles in a lower-hemisphere, equal-area
projection and contoured at 3o significance level following the method of Kamb (1959). The rose diagram illustrates azimuth
of veins and dikes with petals displayed as axes and scaled by length. Axial distributions are plotted as black squares with
numbers corresponding to density concentrations ranging from greatest (1), intermediate (2), and least (3). Abbreviations: Bt
= biotite, Cal = calcite, Mag = magnetite, Py = pyrite, Qtz = quartz, Ser = sericite.
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Fig. 16. Kinematic evolution model for the Stratoni fault zone presented as
a distribution of the principal extensional strain axes from individual fault
measurements plotted in a lower-hemisphere, equal-area stereographic pro-
jection. The principal extensional strain axes for each fault population are
plotted as small symbols with the mean represented by large symbols with
arrows indicating the extension direction.

the Kassandra fault is similar to the unstrained aplitic granite
bodies that are spatially related to sulfide ore at the Madem
Lakkos deposit (Gilg, 1993; Haines, 1998), further supporting
a close Oligo-Miocene igneous association to ore. The post-
mineral timing of glomerophyric porphyry dikes that crosscut
Olympias ore and their geochemical correlation with the early
Miocene porphyry suite (Siron et al., 2016) suggest a mini-
mum age of sulfide deposition at ~20 Ma.

Ductile fabrics and folds are also important within the Stra-
toni fault zone and contributed to the localization of the sul-
fide ores. Quartzofeldspathic gneiss and marbles reworked
by F3 folds associated with the Madem Lakkos antiform (Fig.
10A) resulted in an ESE-plunging permeability network
in the footwall of the Stratoni fault zone (Fig. 17B). On the
S-dipping limb of the Madem Lakkos antiform, the rheologi-
cal contrasts between quartzofeldspathic biotite gneiss and
granite gneiss with marble and massive amphibolite likely
localized strain and facilitated the propagation of the eastern
segment of the Stratoni fault zone. Mineralized semibrittle
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faults displaying south-southwest and east-west fault-slip vec-
tors reported in Haines (1998) from the Madem Lakkos mine
are consistent with the kinematic data presented in this study
and correspond to the syn- and late-mineral kinematic evo-
lution of the Stratoni fault zone, respectively. Structural evi-
dence combined with field relationships demonstrate that the
Stratoni fault zone forms the principal permeability pathways
that focused hydrothermal fluids.

In the Mavres Petres and Piavitsa areas, the Stratoni fault
zone and contained marble lenses constitute the principal
structural and lithologic controls for massive sulfide ore for-
mation. Dismembered marble lenses enclosed by foliated
carbonaceous phyllonite and entrained by segments of the
Stratoni fault form the elongate downdip component of the
replacement sulfide orebody (Fig. 17B). The Mavres Petres
deposit is broadly coincident with a change in strike orienta-
tion of the Stratoni fault zone, which is interpreted to repre-
sent the linkage between two overlapping fault segments. The
graphitic metapelitic unit, evident along the western segment
of the Stratoni fault zone, may have provided a structurally
weak layer that concentrated deformation potentially aided by
fluid-enhanced pressure solution mass transport mechanisms.
Localization of strain is interpreted to have been largely con-
trolled by the lithologic anisotropy imposed by the carbona-
ceous metapelite layer juxtaposed to massive amphibolite and
facilitated by the preferred orientation of the Stratoni fault
zone with respect to the principal stress field at the time of
deformation. Internal fault bifurcations, fault intersections,
and incompatible strain behavior between coeval fault strands
and the high surface area of locally imbricated marble lenses
within the Stratoni fault zone contributed to a mechanically
enhanced permeability network, which was exploited by
migrating hydrothermal fluids.

The late Oligocene Stratoni and Fisoka granodiorite stocks
(Fig. 9) or possibly a concealed intrusion in the area may have
been the potential igneous source of mineralizing fluids that
resulted in the carbonate replacement sulfide orebodies in
the Stratoni fault zone (Gilg and Frei, 1994; Haines, 1998;
Hahn, 2014; Siron et al., 2016). The mylonitic and unstrained
aplitic granite dikes that are spatially associated with ore at
the Madem Lakkos deposit are potentially comagmatic with
the Stratoni and Fisoka granodiorite stocks (Gilg and Frei,
1994). A shift in the direction of extension from north-south
to east-west occurred after sulfide deposition and late Oligo-
cene magmatism. The NNE- to NE-striking glomerophyric
and black-matrix porphyry dikes within the Stratoni fault
zone (Fig. 10A) support fault kinematic data in suggesting
that E-W-directed extension was active through the early
Miocene. The Au-bearing quartz-rhodochrosite + rhodo-
nite vein breccias crosscut sulfide ore and semibrittle shear
zones in the Mavres Petres and Piavitsa areas, indicating a
later timing relative to carbonate replacement mineralization
(Fig. 18). Quartz-rhodochrosite + rhodonite veins fill N- to
NNE-striking faults, which principally show normal displace-
ment, implying that east-west extension also controlled their
emplacement.

The “Ar/*Ar ages determined from hydrothermal musco-
vite spatially and probably genetically associated with sulfide
ore suggest a minimum alteration and mineralization age
between 25 and 22 Ma (Fig. 18). Green mica, intergrown with
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orebody

Primary plunge of
the Mavres Petres
orebody

Structural model for the Madem
Lakkos and Mavres Petres deposits

Structural model for the
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Fig. 17. Schematic summary diagram displaying structural data and plunge orientation of carbonate replacement orebodies
plotted in a lower-hemisphere, equal-area stereographic projection. (A) Measured plunge of the Olympias orebody with the
Kassandra fault plotted as a great circle and the mean plunge of Fs fold hinges and (S1, Sa) Ly intersection lineations plotted
as square and circle, respectively. (B) Plunge of the Madem Lakkos and Mavres Petres orebodies plotted with fault surfaces
defining the Stratoni fault zone indicated by great circles. Fault-slip vectors are indicated by small circles and contoured
using the method of Kamb (1959). The mean plunge of Fs fold hinges from the footwall of the Stratoni fault zone is plotted

as a square.

sulfide ore and in part defining the tectonic fabric within semi-
brittle strands of the Stratoni fault, suggests that deformation,
alteration, and mineralization were synchronous. The 24.0 +
0.6 Ma “Ar/*Ar age for muscovite at the Piavitsa prospect is
interpreted as the timing of the carbonate replacement sulfide
event, coeval with semibrittle extensional faulting and late Oli-
gocene magmatism within the Stratoni fault zone. This timing
is supported by field relationships and overlaps within ana-
Iytical error the zircon U-Pb crystallization age of the Fisoka
granodiorite stock (24.5 + 0.1 Ma; Siron et al., 2016). Synkine-
matic intergrowths of hydrothermal muscovite-dolomite with
sulfide similarly define the tectonic fabric of semibrittle shear
bands within the Kassandra fault at the Olympias deposit. The
22.6 + 0.3 Ma *0Ar/*9Ar age is interpreted to reflect the timing
of carbonate replacement sulfide and semibrittle extensional
faulting in the Olympias area. This minimum “°Ar/*Ar age,
while younger than the Piavitsa prospect, is still supportive
of a late Oligocene mineralizing event possibly driven by the
granite that resulted in the igneous breccia or a parent intru-
sion at depth in the Olympias area.

Structural controls on the emplacement of the

Skouries porphyry

The crosscutting relationships observed between intrusive
phases with Au-Cu—mineralized veins and associated altera-
tion, supported by published geochronological data, demon-
strate that the Skouries deposit was part of an early Miocene
magmatic-hydrothermal event (Frei, 1995; Kroll et al., 2002;
Hahn et al., 2012; McFall et al., 2016; Siron et al., 2016).
Structural data and outcrop patterns indicate that the Skou-
ries stock occupies the steep NE-dipping limb of a major
NW-trending district-scale Fs antiform (Fig. 14A, B) and is
interpreted to be the principal structure that controlled upper
crustal emplacement.

The subtle NE-elongate geometry of the Skouries stock
is broadly mimicked by the preferred northeast orientation
of related porphyry dikes and Au-Cu mineralized veins con-
tained within the stock. The shallow-dipping to flat-lying veins
within the porphyry stock imply transient fluid overpressure
conditions and hydraulic fracturing of a crystallizing hydrous
magma within a fluid-saturated magmatic-hydrothermal envi-
ronment (e.g., Gruen et al., 2010). The lack of sulfide and the
early paragenesis of these veins indicate that the subhorizon-
tal hydraulic fracturing processes occurred relatively early and
possibly at higher temperature than the main mineralizing
vein events. The younger, steeply dipping and sheeted veins
within the porphyry stock dilated in response to northwest-
southeast and west-northwest—east-southeast extension (Fig.
15E). Variations in the orientation of steeply dipping veins,
however, indicate that dilation of subvertical fractures varied
spatially within the porphyry stock and may reflect localized,
episodic fluctuations in the orientation of the horizontal dif-
ferential stress axes during Au-Cu mineralization (e.g., Tos-
dal and Richards, 2001). Pyrite-carbonate + base metal veins
overprint all earlier vein phases and associated K-feldspar and
biotite-magnetite alteration, suggesting that they developed
late with respect to the Skouries magmatic-hydrothermal
system.

The preferred northeast orientation of porphyry dikes sur-
rounding the Skouries stock is consistent with the pattern
developed by the Au-Cu mineralized veins, as well as the
subdued elongation direction of the porphyry stock. The dif-
ferential horizontal stresses developed within an anisotropic
regional stress field likely influenced the northeast orientation
of structural elements related to the Skouries porphyry system
(e.g., Tosdal and Richards, 2001). The early Miocene and bar-
ren Aspro Lakkos porphyry stock located 2 km to the northeast
of the Skouries deposit also displays a northeast-southwest
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Fig. 18. Summary diagram illustrating the timing of structural, magmatic, and mineralization events in the Kassandra mining

district. Timing constraints are supported by the following references.

1Zircon U-Pb and Pb-Pb ages (Himmerkus et al., 2006, 2009b, 2011; Hahn, 2014);

2 Field relationships (this study);

3 Apatite and zircon fission track ages (Brun and Sokoutis, 2007; Wiithrich, 2009; Kounov et al., 2015);

440Ar/9Ar ages of biotite and K-feldspar (Dinter and Royden, 1993, and references therein; Dinter et al., 1995);

5 Field relationships (Pavlides and Tranos, 1991; Haines, 1998; this study);

6Zircon U-Pb and Pb-Pb ages (Frei, 1992, 1996; Himmerkus el al., 2011; this study);

“White mica Rb-Sr ages and field relationships (Kalogeropoulos et al., 1989; Wawrzenitz and Krohe, 1998; this study);

8Zircon U-Pb ages (Siron et al., 2016);

9K-Ar age of hydrothermal illite (Madem Lakkos: Gilg and Frei, 1994), Re-Os arsenopyrite age (Olympias: Hahn et al., 2012;
Hahn, 2014), *Ar/*Ar age of hydrothermal biotite (Skouries: Hahn et al., 2012; Hahn, 2014), and “Ar/*%Ar ages of hydro-
thermal muscovite (Olympias and Piavitsa: this study).

elongation (Fig. 14A). This northeast orientation is similarly ~EW-directed extension, as evidenced by fault kinematic data
shared by the chain of late Oligocene igneous stocks and and crosscutting structural relationships, may have triggered
dikes (Fig. 2), which likely reflects a crustal-scale structure ascent of fertile magmas through the upper crust, localizing
that acted as a conduit for the shallow emplacement of ris- the Skouries porphyry stock within the steeply dipping limb
ing magmas. During the early Miocene, a shift from NS- to  of a major district-scale antiform.
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Summary and Conclusions

The Kassandra mining district belongs to the Serbo-Macedo-
nian metallogenic province, an Oligo-Miocene magmatic belt
developed in a postcollisional and extensional back arc envi-
ronment that hosts porphyry Au-Cu and polymetallic carbon-
ate replacement deposits, including vein and skarn systems
(Jankovi¢, 1997; Serafimovski, 2000; Heinrich and Neubauer,
2002). Ores hosted by marble along with elevated Au contents
distinguish the Madem Lakkos, Mavres Petres, and Olympias
deposits from other carbonate-hosted systems within the
belt (e.g., Trepta mining district of eastern Kosovo; Strmi¢-
Palinka¥ et al., 2013). While similarly hosted by marble of
Rhodope origins and strongly controlled by extensional faults,
the carbonate replacement deposits in the Madan-Thermes
district of southern Bulgaria and northeastern Greece are
older, closely associated with late Eocene to early Oligo-
cene magmatism, and notably deficient in gold (Marchev et
al., 2005; Kaiser Rohrmeier et al., 2013). The early Miocene
Skouries porphyry Au-Cu deposit broadly resembles, in terms
of chemistry and structural setting, other mineralized por-
phyry deposits in the Serbo-Macedonian metallogenic prov-
ince, such as the early to late Oligocene Kiseljak and Buchim
deposits of southern Serbia and the Republic of Macedonia,
respectively (Serafimovski et al., 2010; Mérton et al., 2013).
These porphyry systems, including Skouries, are analogous to
economic porphyry deposits developed in postcollisional back
arc settings described elsewhere (e.g., Ridgeway-Cadia and
North Parkes districts of New South Wales, Australia; Wilson,
2003).

The Stratoni fault zone has been historically viewed as the
tectonic boundary separating the Kerdilion unit from the
Vertiskos unit (Kockel et al., 1977). The Kerdilion unit is
compositionally gradational with no observable change in met-
amorphic grade across the Stratoni fault zone. Amphibolites
occurring in footwall and hanging-wall domains are conform-
ably interlayered in the Kerdilion unit and are geochemically
indistinguishable. Ductile structural elements spanning the
Stratoni fault zone also display consistent deformation pat-
terns, suggesting that footwall and hanging-wall rock types
were affected by the same phases of deformation, for which
synmetamorphic fabrics are largely contractional (Fig. 18).
These data suggest that the tectonic boundary between the
Kerdilion and Vertiskos units is probably an older structure
and not a detachment as previously thought (Haines, 1998;
Kounov et al., 2015).

The location and morphology of carbonate replacement
sulfide deposits within the Kassandra mining district is influ-
enced by a preexisting ductile structural architecture and the
interaction of synmineral faults with available marble host
rocks. The Olympias orebody is controlled by a SE-plunging
L, intersection lineation and F» folds interacting with exten-
sional mylonites and semibrittle shear zones that link the Kas-
sandra and East faults within a hosting marble unit. Timing
of mineralization may have overlapped with igneous activity,
which locally formed a granite-matrix breccia and mylonite-
associated granitic dikes and sills along ore-controlling faults.
To the south, the Madem Lakkos orebody is controlled by
marbles localized within the hinge of a footwall antiform and
synmineral strands of the Stratoni fault zone (Gilg, 1993; Gilg
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and Frei, 1994; Haines, 1998) in association with granite dikes
that may form part of the late Oligocene intrusive suite. The
Mavres Petres orebody, however, is hosted by fault-bounded
marble lenses entrained within a strongly carbonaceous seg-
ment of the Stratoni fault zone.

Carbonate replacement sulfide ore and synmineral faults
within the district were active from 24.0 + 0.6 to 22.6 + 0.3 Ma
based on “°Ar/*Ar geochronology of hydrothermal muscovite.
The “°Ar/*Ar data suggest a late Oligocene timing for sulfide
deposition within the district, consistent with the zircon U-Pb
crystallization ages from the Fisoka and Stratoni granodiorite
stocks (Siron et al., 2016). Further work, however, is needed
to assess the relationship of the granitic intrusions that are
associated with mineralization in the Olympias and Madem
Lakkos deposits to other Oligocene intrusions in the district.

Kinematic fault-slip data indicates that carbonate replace-
ment mineralization was coeval with north-south exten-
sion during the late Oligocene (Fig. 18) with a later phase
of east-west extension as evidenced by the kinematic data
and implied by dikes and mineralized veins that occur within
N- to NE-trending faults. Younger Au-bearing quartz-rho-
dochrosite vein and vein breccias that developed along these
structures overprint semibrittle faults and sulfide within the
Stratoni fault zone, suggesting that east-west extension was
coeval with the latest phase of hydrothermal activity at the
Mavres Petres deposit and the Piavitsa prospect (Fig. 18).
Postmineral faults produced by northeast-southwest exten-
sion crosscut the sulfide orebodies within the Stratoni fault
zone and are kinematically compatible with middle to late
Miocene regional extension (Dinter, 1998). A final stage of
brittle faulting overprints all earlier deformation events and is
characterized by north-south extension typical of the modern
tectonic environment (Pavlides and Tranos, 1991).

The early Miocene Skouries porphyry stock is hosted by
folded gneiss and schist of the Vertiskos unit and crosscuts
the moderate to steeply dipping limb of a major Fs antiform.
Quartz-magnetite and Au-Cu-mineralized quartz-biotite-
chalcopyrite-bornite + magnetite veins contained within the
porphyry stock predominately strike to the northeast, consis-
tent with the preferred orientation of related porphyry dikes.
Ascent of fertile magmas into the upper crust may have been
triggered by a change in the regional extensional stress field,
as evidenced by fault kinematic data. Polymetallic carbonate-
hosted replacement and porphyry Au-Cu ore formation mani-
fested where a preexisting structural architecture juxtaposed
reactive host rocks and localized magmatism within an evolv-
ing postcollisional, extensional back arc environment.
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APPENDIX

Methodology

Structural analysis methods

Structural measurements were collected using a Brunton
compass following the North American strike-dip and right-
hand-rule convention. Structural data are presented on a
lower-hemisphere, equal-area stereographic projection using
Stereonet 9.5 software (Cardozo and Allmendinger, 2013)
and contoured using the statistical method of Kamb (1959).
Kinematic fault-strain features were measured following the
criteria defined in Nelson (2006). Fault kinematic data are
similarly presented in a lower-hemisphere, equal-area stereo-
graphic projection using FaultKin 7.0 software (Allmendinger
et al., 2012). The infinitesimal strain axes, determined from
the statistical Bingham axial distributions, were calculated and
plotted for each fault population following the graphical kine-
matic method of Marrett and Allmendinger (1990).

Geochemistry methods

Whole-rock geochemical analyses of amphibolite samples
were completed at Acme labs in Vancouver, British Colum-
bia. Major and minor element analyses were determined by
inductively coupled plasma-mass spectrometry (ICP-MS) and
inductively coupled plasma-optical emission spectrometry
(ICP-OES) after lithium metaborate and tetraborate fusion.
Analytical accuracy and precision determined from interna-
tionally certified reference standards and duplicates, respec-
tively, are within 5 relative percent for major oxides and within
10 relative percent for most minor and trace elements (calcu-
lation methods after Piercey, 2014). Whole-rock geochemical
data used in this study is located in Table A1.

Immobile element geochemical data (Al, Nb, Nd, Th, Ti,
Y, and Zr) from footwall and hanging-wall amphibolites in
outcrop and drill core have basaltic compositions based on
the immobile element ratio classification diagram of Pearce
(1996, 2014; Fig. A1A). The degree of similarity between both
amphibolite populations was further investigated using prin-
cipal component analysis. Principal component analysis is a
variance-maximizing projection that transforms a set of vari-
ables into proportional linear combinations of orthogonal vec-
tors (principal components), which systematically decrease
in their degree of variance (Rollinson, 1993). The first two
principal components of the seven calculated account for 81%
of the explained variance in the data (Fig. A1B) and are there-
fore considered adequate for the principal component inter-
pretation (e.g., Jolliffe, 2002). The first principal component,
representing a linear combination of variables with the high-
est variance, is completely overshadowed by the second prin-
cipal component, which is represented by a combination of
variables with the next highest degree of variance (Fig. A1C).
The overlapping relationship shown here indicates that the
footwall and hanging-wall amphibolite populations spanning
the Stratoni fault zone display a high level of similarity and
thus are interpreted to be of like origin.

WArP9Ar geochronology methods

Samples were prepared and analyzed at the “Ar/*Ar geo-
chronology laboratory at the University of Manitoba in
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Fig. Al. Amphibolite trace element geochemical data. (A) Representative
footwall (square) and hanging wall (circle) amphibolite samples from the Stra-
toni fault zone plotted on an immobile element-based discrimination diagram
modified after Pearce (1996, 2014). (B) Scree plot explaining the percent
variance for each of the principal components (PCs). The first two principal
components represent a proportion of the variance (81%) as indicated by the
horizontal red line. (C) Plot of first and second principal components showing
the overlap in the footwall and hanging-wall amphibolite populations.
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Winnipeg, Canada. The “Ar/*%Ar analytical work in this study
was performed using a multicollector Thermo Fisher Scien-
tific ARGUS VI mass spectrometer linked to a stainless steel
Thermo Fisher Scientific extraction/purification line and Pho-
ton Machines (55 W) Fusions 10.6 COgz laser. Argon isotopes
(with atomic mass ranging from 40 to 37) were measured
using Faraday detectors with low-noise (1 X 1012 Q) resistors.
Argon with atomic mass of 36 was measured using a compact
discrete dynode detector. The sensitivity for argon measure-
ments is ~6.312 X 1017 moles/fA as determined from mea-
sured aliquots of the Fish Canyon sanidine (Dazé et al., 2003;
Kuiper et al., 2008).

Standard and unknown samples were placed into 2-mm-
deep wells within 18-mm-diameter aluminium disks, with
standards placed strategically so that the lateral neutron flux
gradients across the disk could be evaluated. Planar regres-
sions were fit to the standard data, and the 4°Ar/39Ar neu-
tron fluence parameter (J) was interpolated for the unknown
samples. Uncertainties in | are estimated at 0.1 to 0.2% (1 s)
based on Monte Carlo error analysis of the planar regres-
sions (Best et al., 1995). All specimens were irradiated in the
cadmium-lined, in-core (CLICIT) facility of the Oregon State
University TRIGA reactor. Unknown samples, including the
Fish Canyon sanidine (Kuiper et al., 2008) and GA1550 bio-
tite (Spell and McDougall, 2003) standards, were irradiated
for 7 h.

Irradiated samples were placed in a Cu sample tray with
a KBr cover slip and introduced into a stainless steel high-
vacuum extraction line and baked with an infrared lamp for
24 h. Single crystals were either fused or step heated using
the laser. Reactive gases were removed after ~3 min by three
GP-50 SAES getters (two at room temperature and one at
450°C) prior to being admitted by expansion into an ARGUS
VI mass spectrometer. Five argon isotopes were measured
simultaneously over a period of 6 min. Measured isotope
abundances were corrected for extraction-line blanks, which
were determined before every sample analysis. Line blanks
averaged ~4 fA for atomic mass 40 and ~0.015 fA for atomic
mass 36.

Mass discrimination, monitored by online analysis of air
pipettes, resulted in a mean D = 1.01312 + 0.00109 per
atomic mass unit based on 28 aliquots interspersed with the
unknown samples. A value of 295.5 was used for the atmo-
spheric “0Ar/3Ar ratio (Steiger and Jaéger, 1977) for the
purposes of routine measurement of mass spectrometer dis-
crimination using air aliquots and correction for atmospheric
argon in the “Ar/*Ar age calculation. Corrections are made
for neutron-induced *°Ar from potassium, 3Ar and 36Ar from
calcium, and 36Ar from chlorine (Roddick, 1983; Renne et al.,
1998; Renne and Norman, 2001). Geochronological data used
in this study is located in Table A2.
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